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Prediction of storm surges on the east coast of India
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Meteorological Office, Safdarjung Airport, New Delhi
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ABSTRACT. Nomograms to estimate peak storm surges generated by tropical eyclones impinging on the east
coast of India arc prepared using Jelesnianski's SPLASH (1972) model. The pre-computed nomograms
accommodate fixed values for pressure drop, radius of maximum wind, vector motion of storms and offshore

bathymetry.

Two sets of nomograms are presented — one for the northeast coast of India where the slope o!'.tha conti-
nental shelf is extremely shallow — the other for the remaining east coast where the slope in general is extreme-

ly steep.

A nomogram to correct the magnitude of the peak surge for tidal effects is also prepared for the
notheast coast of India where the semi-diurnal tide range is large.

A method to estimate total sea level elevation along a coastal stretech by means of nomograms is given

for the northeast coast of India.

1. Introduction

About 15 per cent of the world’s yearly erop of
tropical cyclones originate over the Bay of Bengal
and the Arabian Sea (Gray 1975). Of these, the
majority have their initial genesis over the Bay of
Bengal and strike the east coast of India and the
coast of Bangla Desh. There is much loss of life and
property during the passage of these storms. The
magnitude of devastations can be fathomed from
the 1970 storm which caused more than 200,000
deathsin Bangla Desh (Flier]l and Robinson 1972).
The storm struck near Chittagong (22:0°N, 91'5°E)
on 12-13 November 1970. A significant part of
the damageis due to coastal high waters generated
by the storms. Loss of life and valuables can be
minimized by prediction of and protection against
the total storm-tide (the sum of astronomical
tide and storm surge) associated with individual
storms. Estimates of storm-tide potential are
valuable for efficient administration of cyclone
mitigation plans, to determine the economics of
coastal constructions and installations, and to
determine zoning regulations to control use of
land subject to extensive flooding.

Predictions of astronomical tides are available in
tide tables. It is, therefore, necessary to evolve a
method for the prediction of storm surges. The
present study deals in part with a procedure to
objectively estimate peak storm surges on the
east coast of India.
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2. Method for estimating the peak surge

The peak surge depends predominantly on the
central pressure of a storm (Conner et al. 1957).
There are two other important parameters which
vary the peak surge significantly; they are bathy-
metry and vector storm motion (Jelesnianski 1972).
He also found the radius of maximum wind and
the coriolis parameter play only a minor role in
altering the peak surge.

In order to develop an objective forecasting
scheme for the surge, Jelesnianski (1972)
used a dynamic model (1967) to compute the peak
surge by changing one parameter at a time while
keeping the others fixed. Instead of central pres-
sure, he, however, chose to use the pressure drop,
AP= Po—P,;, where Py, is the ambient pressure
(in mb) and P, the central pressure (in mb).

The same method has been followed in the
present study. The pressure drop is the most
important parameter. So, computations at first are
made for a range of AP. The other parameters,
viz., bathymetry, vector storm motion, and storm
gize are fixed. To keep bathymetry and vector
storm motion thesamein a general sense, weinitially
use the concept of “standard basin” and
“standard storm motion” the definitions of which
are given below.

Standard basin — A basin with a straight coast
line in which the depth profile sea-ward has a
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TABLE 1
Geographical locations of basin centres

Basin  Lat. ong.  Basin Lat. Long.
(°N) (°E) (°N) (°E)

10°30°  79°52’ 21 17°23’ 82°48"
10 52 79 51 22 17 35 83

11 15 79 51 23 17 56 83 30
11 39 79 46 24 18 12 83 §
12 01 79 52 25 18 28 84 15
12 21 80 05 26 18 47 84 3
12 43 80 14 a7 19 12 84 !
13 05 80 18 28 19 30 85

13 29 80 18 29 19 42 85
13 51 80 14 30 19 50 86

14 14 80 08 31 19 59 86 2-
14 36 80 10 32 20 17 86 42
14 58 80 04 33 20 36 86 5
15 28 80 12 34 21 00 86 3¢
15 52 80 34 35 21 23 87 00
15 59 81 10 36 21 34 87 23
16 21 81 30 37 21 36 87 47
16 23 81 54 38 21 33 ]88 12
16 36 82 18 39 21 31 88 37
17° 06" 82° 24/ 40 21°36"  89°02"

DEAS AW -

one-dimensional constant slope.The basin ecan he
considered a hypothetical mean for all basins.

Standard storm motion — A storn motion with a
constant speed and a track normal to the coast
from sea to land. The storm must move onto land.
This motion, after the speed is fixed, can be consi-
dered a hypothetical mean for all motions.

In order to compute a preliminary estimate,
S, of the peak surge, the first step is to allow
storms totraversethestandard basin, with standard
motion, with the same radius of maximum wind,
R (in km) and with landfall at the same latitude;
each storm has different AP. In the second step.
the same storms are used but with a different R.
The storms compute data to form a nomogram of
peak surge against AP for different R.

Thirdly, the bathymetry is changed and a storm
with fixed parameters traversesit. To study chang-
ing bathymetry, a coastline is divided into small
segments and the mean bathymetry of each seg-
ment is set into individual basins, From marine
coastal charts, the bottom topography for ench
segment are worked out. Then computations are
made with these depth values for each basin in
place of the standard basin. The non-dimensional
ratios of the computed values of the peak surgoe to
that of the standard basin gives a shoaling factor
F, for each basin. A plot of these factorsalong the
coast constitutes the second nomogram.

To correct for the effect of a non-standard storm

track, several directions of motions and speeds of

storms are considered whereas all the other para-
meters arefixed. A standard basinis used. Different

values of peak surge are computed for different
directions and speeds. These values are then nor-
malized by taking theratio of these to that genera-
ted by a standard motion. These ratios give
motion factors, Fy. A polar diagram depicting
isopleths of the motion factors is the third nomo-
gram. The rays are direction, the circles are storm

speed.

The product of S,, F and F obtained from the
first, second and the third nomograms respectively
gives the final estimate of the peak surge.

3. Computations for the east eoasi of India

The method outlined above was used to
compute potential peak surge values on the cast
coast of India. As few storms landfull south of
10°N. the east coast of India north of 10°N was
considered in the present study.

The east coast of India north ef 10°N was
divided into a total number of 40 sepments each
of length approximately 40 km. Basins were then
constructed with the mid point of each segment as
a basin centre. The geographical locations of the
basin centres with their numbers are given in
Table 1. Each basin is 960 km long and 115 km
wide. Fig. 1 illustratesthedisposition of contiguous
basins along the Indian coast. If A and P are two
neighbouring basin centres (40 km apart), then
ABCDEA and PQRSTP are rectangular basins
simulating the off-shore shelf. The depths in the
basins are one-dimensional and valid only at
basin centre, The dynamie effects from two-dimen-
sional bathymetry and curved coastlines are not
accounted fory it is assumed these effcets are small
compared to the pealk surge.

While working out the bottom topography of the
basins, datum was changed to MSL by adding on
1 the Indian Spring tide range to the depth con-
tours, as the soundings are reduced to Indian
Spring Low Wafer in the marine charts.

The first step was to construct a standard basin.
An examination of the depth profiles revealed
dramatic differences in their patterns north and
south of 20-5°N. The hathvmetry south of 20-5°N
18 extremely steep and to its north is extremely
shallow. It was, therefore, felt necessary to cons-
truct standard basins separately for the two
regions.

Two standard basins — one a mean basin for the
basin centres 1 to 33 and the other for 34 to 40 —
were accordingly constructed and computations of
peak surge were made for each separately.
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Fig. 1. Rectanguiar basins, 960 km long and 115 km wide,
with two neighbouring coastal points A and P, 40 km
apart, as basin centres

3.1. Computations for Basins 1 to 33

3.1.1. Preliminary Estimate

The standard basin for the basins 1 to 33 isa
one-dimensional depth profile of 6 m at the coast
and a constant slope of 2:25 m per km.

The standard motionistakenasastorm speed of
24 kmph and a track normal to the coast from sea
to land.

The first nomogram which gives a preliminary
estimate of the peak surge was constructed by
changing AP and R and is reproduced as Fig. 2.
Forconstant R, each curveis nearly a straight line
passing through the origin. So, if 8p is the error in
the pressure drop AP, then the estimated peak
surge has an error of ép/AP. Thus, a 2-mb
error in pressure drop of 50 mb resultsin an error
of 4 per cent in the peak surge.

An examination of Fig. 2 reveals that the peak
surge is weakly or mildly dependent on R according
as AP issmall orlarge. For example, the difference
between the peak surge values for storms of
R—24 and 48 km is 0-44 m when AP--80mb
whereas it is 0-10 m when AP=-20 mb. Again,
for constant AP, the peak surge reaches its maxi-
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Fig. 2. Nomogram at peak surge on the open coast as a function

of pressure drop and rading of maximum winds for the
sontheast coast of India
mum value for R nearly equal to 50 km. This
means that there i a critical storm size which
generates maximum peak surge in a standard
basin for a standard storm motion. .

3.1.2. Corrections for Bathymetry

As has already been stated, the basin centres
were 40 km apart. The depth profile at each basin
centre and at distances of 10 and 20 km on either
side of the basin centre, were plotted and the mean
of the five profiles was taken to represent the
bottom topography of the basin in question.
As there were 33 segments, 33 basins with different
depth profiles were obtained. These basins were
input into the surge model in order to compute
the peak surges for the effect of varying bathymetry
along the coast. The second nomogram was thus
constructed and is presented in Fig. 3. In this
fizure, the vertical lines are nearly 100 km apart
on the coast. Coastal cities are shown along the
abscissa. The ordinate gives the shoaling factor,
FgE (ratios of peak surge relative to.a standard
basin). The factors are for the open coast peak
surge. It is seen from the figure that the coast
near Nagapatam, the segment of about 100 km
width near 50 km south of Masulipatam and the
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Fig. 3. Nomogram for shoaling factors for the southeast coast of India

the coast east of Paradip have high potentials of
peak storm surge.

It may be mentioned that the figure is for
R—48 km, AP=38 mb and standard storm
motion. When these parameters are changed,
shoaling factor Fgg, is likely to change but only
by .a small degree. While preparing the shoaling
curve, the changein the coriolis parameter with
latitude was taken into cosideration.

3.1.3. Corrections for storm motion

The vector motion of a storm has significant
influence’ on surge generation. There eXists a
critical vector storm motion relative to a coast
that gives the highest surge, all other parameters
remaining the same  (Jelesnianski 1972).
The ecritical speed is generally greater than 50
kmph. Landfalling storms rarely attaina critical
speed; assuch, it was not considered in the present
study.

The third nomogram was prepared to correet
for the effect of different vector storm motions on
coastal surges. Thoisopleths of the correction fac-
torsare given in Fig. 4. Thefigure gives the motion
factor, F g, for R—=48 km, AP—38mb, latitude —
16° N and standard basin. If we change these
parameters Fy varies but only slightly. The
angle of the storm’s track relative to thecoast,
@. is defined in the top right corner of the figure.

In this, the observer faces the land from the sea.

On the coast to his right is relative north, ¢.e., 0°
and to his left is relative south, 7.e., 180°. The
angle 8 is measured clockwise from shore to track
where the track terminates at the landfall point.
From the figure it is clear that landfalling storms
produce higher peak surges for the same speed
than exiting (land to sea) storms. For landfalling
storms the peak surge increases with increasing
storm speed. For exiting storms, however, the
opposite is true, wiz., the peak surge decreases
with inereasing storm speed. Also, the peak surge
is maximum when 0 is hetween 70° and 80°, other
parameters remaining constant.

The figure is speculative for storms crossing the
coast with a small acute angle (viz., for 8=150°
to 210° and 8=330° to 030°).

3.1.4. Final estimate of the peak surge and the
total storm-tlide

The product of S, the preliminary estimate, Fyg,
the shoaling, factor, and Fy, the motion factor,
as obtained in the previous sections gives the
final estimate of the peak surge. Thisisto besuper-
imposed with astronomical tide at the time of
landfall to obtain the total storm-tide.

3.1.5. Dependence of peal surge on mazimum
wind

For tropical storms, the generated surge due to
wind stress is much greater than that due to pressure
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for the southenst coast of India. Radii are storm spoeeds
and rays ere crossing angles of storm track to

the coast, 6, Radius of maximum wind, 48 km

gradient force. One is, therefore, inclined to
believe that the peak surge decreases (increases)
with decreasing (increasing) maximum wind. This,
however, is not necessarily true as shownin Fig.5
which relates R, AP, Wy and the peak surge,
where Wy is the maximum wind. From the
figure it is clear that the same Wy can produce
significantly different peak surges for various values
of AP and R. For example, a 200 kmph maxi-
mum wind produces 1-8 and 3-7 m of peak surge
when R runs from 15 to 80 km respectively. Again,
a 180 kmph maximum wind produces 174 and
3:20 metres of peak surge when AP runs from
60 to 100 mb respectively. Thus an accurate
determination of maximum wind alone does not
guarantee a correct estimate of peak surge. It may
be noted that Fig. b is no more than Fig. 2
in different format. In Fig. 5, R stands out; in
Fig 2, AP stands out. It may also be pointed out
that the maximum wind as depicted in the nomo-
gram was derived from an idealized wind profile
and isnot thesame as the maximum wind obtained
from synoptic observations. The latter is about
1-3 times the former (Jelosnianski 1972).

From Fig. i it is also apparent that when AP
is constant, the peak surge increases with R until
acritical value of R isreached (inthe present case,
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Fig. 5. Nomogram relating peak surge with radius
of maximum wind, Pressure drop and maximum
wind for the southeast coast of India

critical R =52 km) and then decreases with increas-
ing R. But when Wy isconstant, the peak surge
increases progressively with R. ;

3.2. Computations for basins 34 to 40
3.2.1. Preliminary estimate

The standard basin for the basih numbers 34 to
40 has a depth of 4-5 m at the coast and a constant
slope of 028 m per km.

The standard motion is taken as a storm speed
of 26 kmph and a track normal to the coast from
sea to land.

Thepreliminary estimate, S,’, of thepeak surgeis
given by Fig. 6. As in the previous case, each curve
is nearly a straight line passing through the origin
for the same R. Again, the peak surge is mildly or
weakly dependent on R according as APis large or
small. For constant AP, the peak surge attains its
maximum at R nearly equal to 50 km.

A comparison of Fig. 6 with Fig. 2 shows much
higher peak surge for the northeast standard basin.
This is because the basin is very shallow compared
to the other basin and the peak surge is inversely
related to the steepness of the basin (Jelesnianski
1972).
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3.2.2. Corrections for Bathymetry

The correction factors to be applied on account
of changing hathymetry of the individual hasins
are given in Fig 7. Asin Fig, 3. the vertical lines aro
nearly 100 km apart and important coastal land-

“marks are chown along the abscissa. The ordinate

gives the shoaling factor, Fy,. It appearsfromthe
figure that the whole of the West Bengal coast
and adjoining Orissa coast arve susceptible to high
storm surges, the most being the segment near
the town of Contai.

3.2.8. Corrections for stovin motion

The isopleths of correction factors for different
vector storm motions are shown in Fig. 8. The
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angle of the storm’s track 8 hasthe same meaning
asstated insection 3-1-3. Asin the previous case,
landfalling storms produce higher peak surges
than exiting storms. Also, the peak surgeincreases
(decreases) with inereasing storm speed for land-
falling (exiting) storms. The high gradient of iso-
pleths in Fig. 8 indicates that for landfalling storms
the peak surge increases rapidly with storm speed
when the speed is between 10 and 30 kmph and 6 is
between 30° and 150°. It may also be seen from the
figure that the peak surge is maximum when 8 is
hetween 80° and 90°, other parameters remaining
the same. The motion factors Fy' as given in the
figure were computed for AP= 50mb,R=50kmand
latitude —20°N and areliable to change, although
slight, when the parameters are changed. The
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figure, just as Fig 4, is speculative for storms
crossing the coast with a small acute angle.

3.2.4. Final estimate of the peak surge

The product of S,', the preliminary estimate,
Fyg, the shoaling factor and Fy,', the motion fac-
tor, as obtained in the previons sections gives the

final estimate of the peak surge.:

3.2.5. Dependence of peak surge on mazimum
wind

As in TFig. b of the previous case, Fig. 9
gives the inter-relations of R, AP, Wy and the
peak surge. As before, only two of the parameters
are to be specified to determine the other two. The
peak surge is, however, valid only in the standard
basin for the standard motion. In this case also,
when AP is constant, the reak surge increases
with R til]l R=48km and then decreases with
increasing B. But when Wy is constant, the peak
surge increases progressively with R,

3.2.6. Total sea level elevation due to astro-
nomical tide and storm surge

The spring range of astronomical tide, defined
as the average semi-diurnal range occurring semi-
monthly as the result of the moon being new or
full, varies between 1:9 and 48 m on the north
Orissa and West Bengal coasts with the maximum
of 4-8 m near the mouth of the Hooghly river (U.8.
Department of Commerce Tide T'ables). Because
of such a large range of tide, the total sea level
elevation would significantly differ depending on
which phase of the tidal cycle landfall occurs.
For example, if landfall occurs at the time of high
(low) tide, one is inclined to estimate the total
sea level elevation by adding (subtracting) the
tide to (from) the surge. But, as pointed out by
Das et al. (1974), mere superposition does not
always provide a correct estimate because of tide-
surge interaction. In order to obtain a somewhat
realistic value of the total tide, a simple method
was adopted in the present study.

It was assumed that a value for tide was present
throughout the basin and during the whole duration
of movement of the storm. Thus water level in the
whole basin was raised to a new datum by an
amount equal to the tide. Computations were
made with the standard bagin and standard motion
by increasing the quiescent water levels through-
out a basin, ranging by an amount of half the
largest spring range, viz., 2:4m at the Hooghly
river. Because of increase in depth values, the
computed surge was lower than that without tide.
This value, if added to the maximum high tide
may be an underestimate for the total sea level
elevation since a fixed tide value would never be
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Fig. 9. Nomogram relating penk surge with radius of
maximum wind, pressure drop and maximum wind
for the northeast coast of India

present throughout the basin for the duration of
the storm motion. On the other hand, if tide is
merely added to the surge (computed without any
alteration of the sea level due to tide), it gives an
overestimate of the total sea level elevation (Das
et al. 1974). Therefore, a correct estimate presum-
ably lies between the two extreme estimates. In
the present study the mean of the two estimates
was taken as a realistic measure of the total sea
level elevation. When the tide is subtracted
from this value, we get the corrected surge, The
percentage of corrected surge to the computed
surge (without tide) was called the correction term
for surge, Sp.

Computations were made for a standard storm
and basin for the northeast coast, for different
pressure drops, wz., 20, 30, 40, 50 and 60 mb
and for tides upto 4-2-4 m. The computed values
were then plotted against the non-dimensional
factors of tide/surge to obtain a diagram for surge
correction. Asthe curves were different for different
pressure drops, the abscissa was normalized by a
factor of AP[40 to obtain a curve independent of
AP. This resulted in the separate curves being
nearly coincident. The mean of these curves is
shown in Fig. 10 which is thenomogram for the
surge correction term for tides.

To use this nomogram, tide value at the point
and time of landfall is to be obtained from tide
tables. Peak surge is then to be found out by the
product of S, Fyy and Fy' obtained by using
the first three nomograms. Fig. 10is then to be
entered with the ratio of tide/surge X AP/40 on the
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\
abscissa. Correction term Sp is to be read off
from the corresponding ordinate of the curve.
To obtain the total sea level elevation the value
of the tide is to be added (subtracted) to (from)
the product of Sy (expressed as a fraction) and the
peak surge if the tide is high (low). For example,
if surge =4 m, tide=2m and AP=40 mb, we
have tide/surge X AP0 = 2/4 x 40/40=0-5.
From Fig. 10, we got surge correction term=
939/ or 1129, according as tide is high or low. So
the corrected surge is 4 x 0-93=3-72 m if tide
is high or 4 X 1:12=4-48 m if tide is low. There-
fore, the total sea level elevation is 3-72-}-2
~ B5-72m or 4-48—2—2-48 m according as fide
is high or low. A superposition of surge and tide
would give 6 m if tide is high and 2m if tide
islow.

3.2.7. Envelope of storm tide

An estimate of the highest sea level elevation or
peak storm tide gives the high water for only one
point on the coast affected by a storm. It is desir-
able to determine the envelope of storm tide along
the coast. A method to do this is deseribed below.

For the northeast coast of India, nomograms
(Figs. 11 to 15) were prepared based on_pre-compu-
ted surge envelopes (curves of maximum surge
along the coast) generated by the standard storm
moving ceross the standard one-dimensional basin
(These were made for the northeast coast, not for
the remaining east coast of India). Fig. 16 illust-
rates a typical coastal surge envelope for a landfall
storm. In this figure, L, P, Hg, Q, Hy and O
are respoctively the landfall point, the point of
peak surge, the point at which 1/2 peak surge
oceurs to the right of landfall, the point at which
1/4 peak surge occurs to the right of landfall, the
point at which 1/2 peak surge occurs but to the
left of landfall and the point of zero surge. Let D,
be the distance to point of peak surge on the coast
from landfall and Dy, D,, D,and Dy the distances
{rom point of peak surge to point on the coast
having 1/2 peak surge to the right of landfall,
having 1/4 peak surge to the right of landfall,
having 1/2 peak surge to the left of landfall and
having zero surge. Then, in Fig. 16, LP=D,
PHp=D,, PQ=D,, PH; =D, and PO=D,.
If A, B, C and D are the points on the vertical
lines through Hz, P, Hy and Q respectively so that
PB — the peak surge, HpC — H A =} PB and
QD-=1/4 PB, then the curve OABCD is a surge
envelope.

Figs. 11 to 15 provide D, to D These nomo-
grams contain isopleths of D,/R, DyR, D4R,
D,/R and D;/R. Distances were normalized so as
to make them independent of R. In the nomograms
rays are crossing angles of storm track to the coast
and radii are storm speeds,

OF STORM SURGES

L3 vALUES INDETERMINATE

Fig. 15. Same a8 Fig. 12, but for zero surge

Jy using the above nomograms we can construct
the envelope of storm tide for landfall storms.
To illustrate how this can be done, let L (Fig. 17)
be the landfall position of a storm. From Figs. 11
to 15 we obtain Dy, Dy, D,. D,and Dy and mark

the points P, Hg, Q, Hz and O on the coast so -

that LP-—DI, PHR:Dz, PQL’DS, PHL:D‘
and PO -D;, From Figs. 6, 7 and 8 we obtain
the value of the peak surge. While using Fig. 7,
shoaling factor corresponding to point P is to be
taken. On the vertical line through P we mark B,
g0 that PB=the peak surge. We mark points A,
C and D on the vertical lines through H;, Hg and
Q so that HzA—=HgzC—=1/2 PB, and QD=1/4 PB.
The curve OABCD is a surge envelope for a one-
dimensional depth basin, with the depth profile
offshore from P. However, shoaling factors at Hy,
Hy and Q are usually different from that at P,
So, in order to obtain the maximum surge at Hp,
Hpz, and Q we have to make shoaling corrections
for these points. From Fig. 7, we obtain the shoaling
correction factors at Hpg, divide by the shoaling

. factor at P and then multiply this ratio with 1,2

peak surge to get the corrected maximum surge
at Hp We mark the point C; on HzC so that
HgC, = the corrected maximum surge at Hp.
Similar procedure is adopted to obtain the point
A, andD, on HzA and QD respectively. The
curve OA, BC, D, is thesurge envelope corrected
for shoaling.

Next we correct for tidal effect. From Fig. 10,
we obtain the peak surge corrected for interaction
with tide. We mark B, on PB so that PB,--the
peak surge corrected for tide interaction. Again
wo enter Fig. 10 with surge-- HzC, and obtain the
surge corrected for tide interaction for the point
Hp. Let this beequal to HzC, whereC,isa poing
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Fig. 16. A coastai surge envelope in thevertical.
The storm track is in the horizontal

Fig. 17. Anenvelope of storm tide
(high tide)

Fig. 18. An envelope of storm tide
(low tide)

LP=D,, PHR=D,, PQ=D,, PH;=D,, PO=D; HpC=} PB=H,A, QD=} P}
? Lal

———0ABCD : Surge envelope without shoalin zfecrrection
- = = 0A,B(C,D, :Surge envelope with shoaling correction
. . .%0A,B,C,D, :Surge envelope with tidal effect [
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Fig. 19. A storm tide envelope for given storm para-

meters and tide (high 1ide)
on HgC. Similarly we mark Ay,and D, on HzA
and QD respectively. The curve OA, B,C,D, is
the final surge envelope. The datum for thesurge
envelope is sea level, 1.e., MSL4-tide according as
tide is high or low. To obtain storm tide envelope
we change the datum to MSL. With reference to
this new datum, the final surge envelope becomes
the envelope of storm tide. Figs. 17 and 18 illus:
trate storm tide envelopes for high and low tide
respectively.

It is to be noted that when 1/2 surge or 1/4 surge
is less than astronomical tide, Fig. 10 is not appli-
cable. In such a case tide is merely to be super-
imposed on surge to obtain storm tide. Or in other
words surge is not to be corrected for interaction
with tide.

In each of the Figs. 12 to 15, a cut-out of 10
degroees on either side of the coast from the landfall

Fig. 20. A storm tide envelope for given storm para-
meters and tide (low tide)

point is marked. In the cut-out, values are indeter-
minate. This is because every point on the coast
has the same peak surge when a storm moves
up or down the coast. Assuch, D,, Dy, D, and D,
cannot be determined. The argument applies to
storms moving at very small angles to the coast.
However, the zones of indeterminate values of D,.
D, D, and Dy, viz.. 10 degrees on either side of the
coast were arbitrarily fixed in order that the iso-
pleths are seen distinetly.

3.2.7.1. Examples of storm tide envelope

Examples are cited below to show how to con-
struet storm tide envelopes.

Let a storm of pressure drop 50 mb and size 25
km moving at an angle of 120° relative to the coast
with a speed of 20kmph landfallat Contai (Fig.19).
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In the following, we deal with cases of high and
low tideseparately. In the first case weassume high
tide of 1-5 m at the time of landfall and in the
second low tide of the same magnitude.

Case I — High Tide

The first step in the construction of a storm tide
envelope ig to prepare a surge envelope without
shoaling correction (i.e., for one dimensional
bathymetry). The procedure to do this is given

below.
(a) Surge envelope without shoaling correction

For the example under consideration we get,
from Figs. 11 to 15, D,/R=0-87, D,/R=1-70,
D,JR=3-30, D,/R=1-60 and D;/R=3-20. As,
R—25km, we have D,—(0-87 %25==) 22 km, D,—
44, D,—83, D,=40 and Dy=80 km. Let us
consider a graph with coast at a datum of MSL
plus tide as abscissa and surge as ordinate
(Fig. 19). We mark L, the landfall point, on the
abscissa. Then the points P, Hg, Q, Hz, and O are
marked also on the abscissa so that D,=LP
=92, D;=PHp—44, D;=PQ=83, D;=PH;=
40 and Dy=P0O=80 km. From Figs. 6, 7 and 8 res-
pectively we get Sp’ = 4-50 m, Fyy (for point P)=
1-13 and F'—0-86. So the peak surge=4-50x
1-183x% 0:85=4-32 m. Therefore, 1;2 peak surge=
9-16 m and 1/4 peak surge=1-08 m. We plot on
ordinate 4-32, 2-16, 1-08 and 2-16 m against P,
Hz, Q and Hy respectively. Let these points be
B, ¢, Dand A. Then OABCD is the surge envelope
without shoaling correction; e.g., if the depths of
the sea at P were representative for all of the north-
east coast, i.e., 1-dimensional depths.

Next step is to construct the surge envelope
with shoaling correction; e.g., for 2-dimensional
" depths. To do this we proceed as follows.

(b) Surge envelope with shoaling correction

From Fig. 7, Fyg for Hg, Q and H, is 1-08
0-98 and 1-04 with respect to a standard basin.
So the corrected surge at Hp, Qand Hyis (2:16X
1-08/1-13=) 2-07, (1-08x0-98/1-13=) 0-94 and
(2-16¢1:04/1-13=) 1:99 m respectively. Here
we are re-normalizing the shoaling curve of Fig. 7,
8o that the shoaling factor is unity at the point P.
We plot 2-07, 0-94 and 1-99 against Hg, Q and
H; and get C,, D, and A, respectively. Then
0A,BC,D, is the surge envelope with shoaling
correction. There is no shoaling correction gt the
point P.

We next proceed to correct for tidal effect :
‘(¢) Surge envelope with tidal effect

We have tide —1:5 m and surge=4-32 m at P.
So tide/surge X AP[40—1-5[4-32 x 50/40=0-44.

Entering Fig, 10 with this value on the abscissa we
proceed tothecurveandread off the corresponding
ordinate as 93 per cent for high tide. So the correec-
ted peak surge—4:32x0:93=4-02 m. For Hg,
tide/surge x AP[40=1-5/2-07 x 50/40=0-90. So,
from Fig. 10, surge correction term— 88 per cent.
Therefore, the corrected surge at Hg=2-07 x 0-88
=1-82m. For Q,tide=1.5 mand surge — 0-94 m.
As surge is less than tide, Fig-10 is not applicable.
We, therefore, make no correction for tidal effect
at Q. For Hy, tide/surge X AP[40=1-5/1-99 x50/
40=0-94; so from Fig. 10, surge correction term=
88 per cent. Therefore, the corrected surge at
H;,=1-99x0-88=1-75m. We plot 4-02, 1-82
and 1-75 m against P, Hz and Hy and obtain B,,
C, and A, respectively. Then OA,B,C,D, is the
surge envelope with tidal effect.

(d) Storm tide envelope

In order to obtain the storm tide envelope we
change the datum from MSL plus tide to MSL.
Wewant tousea MSLdatum becauseland contours
are generally referred to such a datum. With re-
ference to MSL, OA,B,C,D, is the storm tide
envelope.

Thus the peak storm tide is 5-52 m if the storm
landfalls at the time of high-tide is 1-5 m. A super-
position of tide and surge would give 1-5-44-32=
5:82 m.

We next proceed to construct the storm tide
envelope for the case of the same storm landfalling
at the time of low tide of 1-5 m.

Case II — Low Tide

We take a graph of coast at a datum of MSL
minus tide as abscissa and surge as ordinate.
On the abscissa we mark L, the landfall point and
P, Hg, Q, Hand O so that D, —LP=22, D,=PHg
=44, Dy=PQ=83, D,=PH;=40 ard D=
PO=80 km (Fig. 20). We then proceed to con-
struct the surge envelope without shoaling correc-
tion, the eurve OABCD, and the surge envelope
with shoaling correction, the curve OA,BC,D,, as
in the case of high tide. As the storm parameters
are the same, the curves OABCD and OA,BC,D,
in Figs. 19 and 20 are identical.

We next correct for tidal effect for low tide of
1:5 m.

(a) Surge envelope with tidal effect

At P, we have, tide/surge X AP/40 = 0-44
(as in the case of high tide). From Fig. 10, we
ohtain surge correction term for low tide corres-
pondingtothisvalucas110 percent. Sothecerrec-
ted peak surge — 4:32x1-1 — 4-7T5m. For Hy
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and Hy, the surge correction termis 125 per cent
and 127 per cent respectively corresponding to
tide/surge x AP/40=0-90 aund 0-94. So the
corrected surge -- (2:07x1-25 =) 2-59 and
(1:99x1-27=)2-53 m at Hzand Hyrespectivelv.
We plot 4-75, 2-59 and 2-53 m against P, Hp
and Hy and get B,, C, and A, respectively. Then
0A,B,C,D,isthe surge envelope with tidal effect.

(b) Storm tide envelope

In order to obtain the storm tide envelope, we
change the datum from MSL minus tide to
MSL. With reference to this new datum. wiz.
MSL, the curve 0A,B,C,D, becomes the storm-
tide envelope.

Thus the peak storm tide is 3-25 mif the storm
landfalls at the time of low tide is 1-5 m. A super-
position of tide and surge would give 4-32 1-5
=2-82m.

We have already seen that the peak storm tide
is 5-52 m in the case of high tide. The difference
of the peaks, viz., (5:52—3-25=) 2-27 m is quite
lIarge. This points out the importance of coreet
estimate of landfall time in operational storm surge
prediction.

Without the correction for tidal effect the peak
storm surge i8 4-32 m. Superpesition of surge
on tide gives the storm tide (4-3241-5 -)5-82
and 2-82 m according as the tide is high or low,
Thus, mere superpos.tion of surga on tide gives an
over-cstimate of storm t'de in case of high tide
and an under-estimate in case of low tide.

4, Concluding remarks

Storm surge generation, like any oceanic o1
atmospheric event, is a very complex phenomenon

ind oceurs as a result of air/sea/land interaction.
The present study is only an attempt to appro

ximatestormsurge based on simplified assumptions
of straight line (unbroken by bays or estuaries)
coast and a vertical wall at the coast. The study
does not deal with curved coastline, or with storms
that move along shore, recurve, ramain stationary,
accelerate or with storms whose size varies with
time. The pre-computed nomograms to determine
the peak surge or total tide are not fully inde-
pendent. Generally, however, they are weakly
inter-related. As such, they can be used to a
sufficient degree of accuracy subject to the limi-
tations stated above. The succoss of storm surge
predictions, however, depends on the accuracy of
forecasting critical meteorological factors, e.g.,
the pressure drop, the radius of maximum wind,
the storm motion, the landfall peint and the time
of landfall,
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