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STORM SURGES AND TIDES AROUND SRI LANKA

RF. Henry and T.5. Murty
Institute of Ocean Sciences
Sidney, British Columbia, Canada

ABSTRACT

On average, there has been about one damaging surge per decade in the waters
arcund Sri Lanka, with more frequent smaller surges. Although the tidal range is not
large, in surge forecasting it is important to have a detailed understanding of the tides,
since damage is greater when peak surge coincides with high tide.

Study of storm surges and tides around St Lanka is made difficult by the shortage
of meteorological and tide gauge records. There are a few relatively short coastal gauge
rocords, but nc deep sea tide gauges have heen installed within several hundred
kilometres of the Sri Lanka coast.

On the west coast of the island, there have been sudden increases in water levels
forced by atmospheric gravity waves from mesoscale weather systems. Tropical cyclones
from the south Andaman Sea normally pass north of 813 Lanka, but occasionally make
landfall on the east coast, causing significant damage. The meteorological and surge
information available from past events fall far short of requirements for ful} hindeasting
studies.

Typical wind fields for cyclones, derived from cbeervations in other tropical seas,
were used to drive surge models for the cast coast, and, similarly, typical wind fields for
rissaga were assumed in studies of the west coast. Suitable conditions for forcing tidal
models along their outer sea boundaries were deduced from cotidal charts computed
with global tidal models, with some modification based on coastal gauge data.

INTRODUCTION

Sterm surges are water level oscillations due to tangential surface wind stresses
and sea level atmospheric pressure gradients associated with travelling weather
systems. Tropical cyclone gemerated storm surges have had significant effects on the
lands surrounding the Bay of Bengal and the Gulf of Mexico. Of the countries around the
Bay of Bengal, Bangladesh experiences the most damaging surges, with India and
Burma being somewhat less affected. [t is not generally realized that Sn Lanka also has
a storm surge problem, although the severity and frequency of storm surges there is
much less than in Bangladesh.

In Sri Lanka, storm surges associated with {ropical cyclones occur mostly an the
northeast coast. Tropical eyclones are almost unknown on the west voast of Sn Lanka;
however, flooding occurs on wecasion, and the causes have never been satisfactorily
accounted for. We suggest the so-called "Rissaga phenomenon” as one plausible
explanation for the occasional high water tevels on the west coast of Sri Lanka. Study of
these meteorological effects on water levels is preceded by a discussion of tidal elevations,
which, although rather small around 5ri Lanka, cannot he ignored.
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TIDES AROUND SRI LANKA

To our knowledge, there has been no publication to date in the open literalure
devoted to tides in the waters around Sri Lanka, although, seme information is ava:lable
from publications on tides in the Indian Ocean. Several studics on global ocean tides
show co-tidal charts for the Indian Ocean le.g., Bchwiderski, 1980; Marchuk, ct al., 19841,
The resolution of the waters around Sri Lanka is so coarse in these models that it is
almost impossible to obtain any detailed information on the tidal regime near the coasts.

The numerical model of Bogdanov and Kharkov (1976! for the Indian Ocean made
use of a grid of 5°x5° in latitude and longitude; hence the co-tidal charts given far the two
main semi-diornal tidal constituents M; and S, and the two principal diurnal tidal
constituents K; and O, do not contain much detail. By far the mosl detailed co-tidal charts
produced for the north Indian Ocean are those of McCammon and Wunsch (1877, They
constructed these charts by empirical methods from existing data and some deep ncean
pressure gauge measurements. Even though these charts provided more detailed results
than ather studies, they arc not detailed enough for the waters around Sri Lanka, except
possibly near its southeast coast.

Henry and Murty {1983} and Elahi {1952) used numerica! models to construct co-
tidal charts for the Bay of Bengal and the Arabian Sea respectively, The modeled areas in
these studies are essentially north of the study area and the results do not give any
reliable information on tides around Sri Lanka. Thus it is fair to say that, until now, no
detailed study of the tidal regime in the waters around 5ri Lanka has been published.
This paper is an initial effort to coordinate the limited information available.

THE NUMERICAL MODEL

The numerical model used here for simulating tides and storm surges covers a
rectangular region from 7°N to 12°N and 77°E to 84°F {Figure 1} Figure 1 also shows the
locations of the tide gauges from which data is used in this study. Conlours of water
depth are shown in Figure 2 and the grid for the numerical model is shown in Figure 3.
The grid interval is 9 km in both horizontal directions.

In addition to the numerical simulation of selected storm surge events, our aim is
W produce co-tidal charts for the largest constituents. For this purpose we start with the
quasi-linear version of the shallow water equations.

e = ~(du), —(dv), i
: ]
u = -g7, +fe - F* 4 G

v, = —gn, - Tu-F¥' 4+ G

where
may,tr = elevation of water surface above mean level
uix.y,t) = depth-averaged velocity in x-direction
vix.y.l) = depth-averaged velocity in y-direction
di{x, ¥} = mean water depth
X,y = Cartesian coordinales in herizental plane
f = Coriolis coefficient (assumed constant)
4 = acceleration due to gravity

iime
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Figure 1. Study area {depths in metres)

Fix) and Fi»! are the friction terms in the x and ¥ direclions respectively and are
represenied in the following way:

_ kutu? + v2)¥
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where k is the coefficient of friction. A value of 2.5 x 10 was used for k. G and Giv* are
the forcing terms in the x and y directions respectiveiy. In the tidal modei the forcing
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terms

are put equal to zero, while in the storm surge model they represent the wind

stress that drives the model.

Figure 2. Schematization of coastlines and

contour plot of bathymetry used in
model {depths in metres); portion
of grid shown up upper right

The following finite difference scheme is used as an approximation of the partial

derivatives in the above equations ( Figure 4):

Yy Ny - (dy +d g, —(d o vdy, _ (dy+d; ;00 1 —(d; ;o ey fy
At 2.A% 2Ay
' n'.._n'._L e .
u Y _ i - L} rx Az
R ~ R ET G
Vyty __ My~ 431, ol y)
=~ +fu, - FP G .
At Ay i = K ¥ (2
where
At = time step
Ax, Ay = grid interval sizes in x,y directions respectively
d;, = mean water depth at elevation point n;,
i = Valug + wigngg + Ui + Uiyl
¥, = LAvig;+ vig+ Vir a1 * Vi el

The primed values refer to terms updated during the current time step, while

unprimed variables are the terms evaluated in the previous time step. The minimum
time step permissible in order to maintain numerical stability is given by the following:

where

Ax Ay

Ats e
{gdmx(f_\.x +Ay ]] (31

At is the time step, Ax and Ay are the grid mesh sizes in the corresponding

directions, d,,, is the maximum depth of the model.
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Figure 4. Richardson grid used in numerical model

The calculations carried out by the model depends on the location of the gridpoint.
A land boundary, an open sea boundary and a point al the interior of the model all
require different calculations. The model therefore allocates an integer code which
describes the condition Lo be dealt with and which controls the corresponding calculatien.
If the boundary is closed (i.e., a coastline), it is assumed that there is no volume trans-
port scross the boundary. In other words, for a land boundary parallel to the ¥ direction
u=0: similarly if the land boundary is paralle! to the x axis, then v=0. If the boundary is a
sea boundary with a specified elevation, boundary conditions must be supplied. This
situation is considered in the tidal mode! where boundary conditions are supplied by tide
gauge harmonic analyses found from the Admiralty tide tables. A sea boundary with a
radiating condition is considered in the storm surge model. This allows waves reaching
the boundary of the rodel from within to radiate cutwards.

For each boundary point an amplitude and a phase is prescribed as:
hi{tl= Acos{at — ¢! (4}

where h(t) is the height of the wave at time t, A is the amplitude, ¢ is the phase at a given
boundary point, @ is the frequency of the harmonic constituent being considered and t is
the time. Values of A and ¢ at each open boundary point were obtained by judicious

interpolation from existing large-scale cotidal charts, with some corrections from tide
gauges on Lhe S Lankan and Indian coasts.

The forcing terms for the storm surge model are supplied through the terms Gix?
and Gy, given as:

G“‘jz—-—lia:‘l-}i"i and Gf.\":_iip_ﬂ...i.h

Py ax PD £ ()x pD (3)
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where pis the density of water, pq is the density of air, T, Ty are the components of wind
lPﬂ fPI

stress in the x and v direclions; Jx and 8, are the sea level atmospheric pressure

gradients in the x and y directions (Murty, 1984},

Results from trial runs suggested that the contributions from the pressure
gradient terms and the bottom stress terms were not significant, and hence these terms
were omitted in certain runs. Then (5! becomes

G'® = T and GV =-1-.i
oD 6]
The wind stress is given by
T = paKlV|v1 i

where V is wind velocity and K is a drag coefficient. A value of 2.6 x 103 was used for K.

It can be seen from Figure 2 that the depth gradient is guite steep off the south-
easterly coast of Sri Lanka. On the other hand, the gradient is quite small off the south
coast of India. It is also to be noted that there are some shallow areas in Palk Strait.

These features will have some effect on the results of the mode! runs.

To minimize mode!l spin-up time, the amplitude of the tidal forcing was increased
linearly over 15 hours of simulated time to the required magnitude, and the coefficient of
friction k was set high initially and allowed to decrcase exponentially to the required
value.

Difference meteorological forcing is required for model studies of east and west
coasts of Sri Lanka. Cyclones have been known to hit the East Coast of Sri Lanka. From
Ali and Johns (1980), the wind velocity needed to determine Gix' and Gt is given by:

W2

v:vm{%J ,  0<r<R
’R]W
V=V.ul=' . <R
mr ) ‘ (8]

where r=radial distance from the centre of the ¢yelone and maximum wind speed Vpnax
oceurs at radius R. A cyclone track and maximum wind speed were specified for cach
model run. On the west coast, surges were simulated by applying uniform wind fields
over certain ocean areas. The wind was increased from zero to full strength over a period
of two hours, held steady for two hours, and then gradually removed. Time series of
surface elevation were recorded for prescribed paints in the model domain during each
Tun.
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TIDAL MODEL RESULTS

Each tidal model run was
monitored until steady oscillation was
reached (eg., Figure 5{a)ib}} and
harmonic analysis was then carried
out. Avoiding abrupt application of the
driving boundary conditions and
artificially high initial damping, as
described earlier, ensured that steady
oscillation was reached within one or
two cycles (see Figure 5(c),(d})). While
tidal elevations always reached a
ateady oscillatory condition, velocities
sometimes contained a low-frequency
component (eg., Figure 6(g),(h)). This
usually indicates the presence of
topographically trapped waves created
accidentally during the spin-up phase
and not contributing to the elevation
field. Since they are slow to dissipate
and are well separated in frequency
from the 1tidal constituent being
studied, waves of this type can be
ignored during the harmonic analysis.

Comparison of Figures 5(a)
and (b) shows the marked effeci of
shallow waters on tidal behavipur. The
tidal elevation record from point (33,60
i lhe shallows of Palk Strait shows
attenuation of amplitude and presence
of higher frequency harmenics.

An overall view of each tidal
constituent can be shown most
conveniently in the form of a cotidal
chart. Figure 7(a) shows the computed
amplitude for the largest tidal
constituent, M;. Also shown are
observed M; amplitudes at coastal tide
gauges and the M cotidal amplitudes
a8 estimated by Vassie (persenal
communication, 1985). It can he seen
that there iz good agreement among all
three. In general, the computed Mg
phase, shown in Figure 7(b), agrees
well with the observed phase and also
with Vassie's estimated co-phasc
patterr. Since most tide gauges are
gited within harbours or estuaries,
some differences hetween harbour
readings and computed open coast

.
o
u

E E
E o
s £
bl o
b @
P = }
ao &0 ac ag &0 80
TME {hrs) TIME [hra]
- tel el
Eecp. 43,12 Z °
z ! "
2 |n A n;'lﬂ']. “, S 0+
= POy 3
= R RRTRIN z
e o-005+
b o] B0 100G o -1+] i
TIME(hrs} TIME {hrp]
Figure 5. Computed tidal elevations
ta), {b) steady -state stage of Mo simulation
fed transient and steady-state stage of Sp
simulation
dy transient and steady-state stape of Oy
simulation
4 51,49 . 3 6D
- 02 et 502 3’,‘ PRt
E £
= * f
L odrrmimmaeoe Fal ]__ e
: s
g [, 10 1 A P I;. 02
a0 ) -3 40 60 e
TIME (hep) TIWE (bry]
~008q AIZ g ~008433.€60
E £ f q 1
= O-i-v/\'-[\f‘\ ,\f ook HJ_UL
o (2]
g vV 3
S E
-0-65 -5-05 v
[} [-14] [1a] o] B h 1]
TIME (hrs} TIME (hru}

Figure 6. Computed tudal veloeities {x-direction
only)
{e), (fi stendy-state stage of Mz simulation
(g), (h? transient and stady-state stage of Oy
simulation

-212-



values are to be expected: ihe
discrepancy is greater the further up
the waterway the gauge is sited.
Figures 8(a) and 8(b) show the cotidal
amplitudes and phases for the 5
which is the second-largest tidal
constituent. Agreement with observed
values is good on the east coast of Sri
Lanka and somewhat less satisfactory
on the west coast.

The largest discrepancies
between observed and computed values
are on the south-west coast of
Sri Lanka, for both My and Sp. The
probable explanation in both cases is
the uncertainty concerning correct
boundary values to supply along the
searby southern boundary of the
model. Unlike the case of a passive,
radiating boundary, little 15 to be
gained by placing this boundary
further south. Only better estimates of
the boundary conditions alleviate this
problem. Only Mz and 8; exceed L0em
in amplitude in the modelled region.
Other constituents are substantially
smaller and esseniially unimportant
so far as contributing to surge levels
are concerned. For instance, G, the
largest divrnal constituent, does not
execeed 3 ¢cm in amplitude anywhere on
the coast of Sri Lanka, according te
both observations and simulation.

EAST COAST STORM SURGE MODEL
RESULTS

Om average, the east coast of Sri
Lanka experiences 4 major surge due
to a tropical cyclone every 10 to
15 years. In December 1964, the
Rameswaram Cyclone passed over the
northern tip of Sri Lanka and then hit
the coast of India. 1t was one of the
most severe storms known to have
occurred in the North Indian Ocean,
and caused several hundred deaths
and great property damage in 8m
Lanka. Approximate maximum wind
speed was 175 knots (324 kph).
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Better observalions are available
{Dharnaratha, 1985) for the next major
surge in 1978, which is the one
simulated here. The path of the cyclone
ag it crosaed the east coast of Sri Lanka
is shown in Figure 10(a). Also shown
are three locations in the model gnd
where computer elevation was
monitored. The wind distribution of
Eq. (8) was used to represent the
cyclone; this wind pattern was
assumed to move along the cyelane
track at 8 knots (14.8 kph). A maxamum
wind speed of 100 knots (185 kph) was
adopted, in accordance with observed
values. Though it is popularly assumed
that the surge elevation is a maximum
where a storm track crosses the coast,
observations and the simulated surge
shown in Figure 11 demonstrate that
maximum elevations are experienced
at coastal points, grid localions (3,57)
and (16,16), somewhai beyond the
region of maximum winds. The large
surges at these two locations can be
attributed partly to the shallow
bathymetry in their neighbourhoods
(Figures 10(b} and {(c}). Where the
cyclone path crosses the coast, point
{20,33) in the model, the shelf is too
narrow to amplify the surge, and in
addition, the cyclone winds are parallcl
rather than norma! 1o the coast.

WEST COAST STORM SURGE MODEL
RESULTS

Even though there is no record of
tropical eyclones ever impinging on the
west coast of S Lanka, water level
oscillations of significant amplitudes,
up t¢ 2-3 metres, have been observed on
the coasts north and south of Colombe.
The associated wave pencds are of the
order of 5-10 minutes, hut unlike
cyclone-generated surges, the whele
event typically lasts 15-30 minutes. In
fact, the metecrological events generai-
ing these water level oscillations are of
even shorter duration. These episodes
pecur once or twice per year on
average.
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{i), lii), (iii) Responseto wind of 280 kph applied to regions A B,C
{Figure 3(b)) respectively

{ivy, {v), (vi) Response to wind of 280 kph applied to region D

{vil) Response to wind of 280 kph applied to region E

(wiii) Response to wind of 150 kph applied to region E
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Figure 18. (a) Model grid details and track of simulated east coast cyclone
(b), tc) Detail of bathymetry {depths in metres)
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Figure 11. Computed elevations at 3 sites in Figure 1({a) during simulated east coast eyclone
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Meteorological observations over the sea west of Sri Lanka are very sparse, but it
seems likely that these brief surges are essentially similar to the "Rissaga phencmena”
in the Medilerranean, discussed by Monserrat, et al. (1991). There, large short-term
Muctuations in atmospheric pressure appear to cause corresponding fluctualions in
water level, which are particularly noticeable wherever there is 2 resonant coupling
between the aimospheric gravity wave and a normal mede of basin. In the 5ri Lanka
weather office records, there is evidence that strong wind gusts oceur, extending some
tens of kilometres along the coast and for an unknown distance seawards, while
corresponding data on the pressure field is lacking. Consequently, in this study il was
decided to examine the response in sea-level of the model to wind-fields corresponding in
strength to reparted cases and extending aver different ocean regions west of Sez Lanka.
The fact that similar effects were observed at the same time in Coochin, on the south-
west coast of India, and north of Colombo suggests that the wind fields involved in these
phenomena are quite extensive. The existence of normal shelf modes raises the possibili-
ty of some resonant amplification of water level at the coasl, similar ta that occurring in
the Mediterranean.

Based on ihe sketchy data available, it was judged approporiate to use a wind
directed at 10¢ south of east. Most cases were run at a wind speed of 280 kph, based on
estimates of actual events. Significant waler level oscillations are known to occur with
wind-speeds down to 150 kph.

Model runs carried ont with winds of the magnitude described above, applied to
various regions, are shown in Figure 9. Whereas the computed maximum elevations are
in the range of the reported amplitudes, the model needs over one hour to build up to
these levels, which is slower than in nature. (The initial maximum water level is not
affected by applying the wind field for longer than the initial phase, as was done in the
model runs). There tould be several reasons for this discrepancy. The actual phenome-
non may have a lower, more quickly attained amplitude, but be subject to dynamic
amplification t¢ the observed levels. Physical factors which could cause such amplifica-
Lion are resomance with normal modes of vibralion of the shelf and movement of the
weather system.

The response is essentially similar in nature at difference places on the Sri
Lankan coast, though there is some variation with location and wind forcing region
(Figure 9), whereas on the Indian coast (Figure 9(iii}), where the applied wind is
offshare, the effect is inverted, as is to be expected. Far from the coasts, there is very little
effect on sea-level (Figure 9(vi}}

CONCLUSIONS

To our knowledge, no publication has yet appeared on tides or storm surges in
Sri Lankan waters. Although, in principle, much more sophisticated models could be
developed, only a simplified model, without non-linear advection terms, has been used in
this study. The spareity of input data makes it pointless to use a more complicated model
at this time. In fature studies, including advection, all the tidal constituents would then
be simulated together, to allow non-linear interaction be taken into account. In that case
alse, the surge modelling should be done simultaneously with the tidal simulation, as
there can be interaction between the two.
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