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Storm surge is a rise of the sea level crossed by a cyclonic storm moving in a continental shell. It is generated due to interaction of air, sea and land. The rise in water level is in addition to the astronomical tides. In India in 1876 a Cyclonic storm crossed between Calcutta and Chittagong at the estuaries of river Meghna which has taken a toll of more than  one  lakh people and another cyclonic on 13 Nov 1970 a toll of 3 lakh people in East Pakistan . Recently another 1.38 lakh people died on 30 April,1991 in Bangladesh due to storm surge inundation. The estimate of the storm surge is very important in disaster mitigation and management.

A detailed review of storm surge in Bay of Bengal is given by Das (1994) and Ghosh (1195) for Indian seas. The storm surge caused by the Cyclonic storm is also influenced by factors like the track of the cyclonic storm, the bathymetry near the landfall, the diameter of the maximum wind zone and the phase of the astronomical tides. 

Since the atmospheric pressure is lowest at the center of the storm there is an increase in sea level (inverse barometer effect).   The increased sea level is pushed forward in the direction of the storm towards the coast which is having a continental shore.  The height of the sea level accentuated by the wind and swell waves that break near the coast also contributes in addition to the cyclonic storm surges, in causing coastal inundation as the water particles have considerable momentum as they move towards shore. 

      Miyazaki (1957) advocated a relation for predicting maximum surge 

  h = A (Po-P) + BV2Cos ( + C hf    ……(1)

Where P and Po are the lowest and the mean monthly pressure   in hPa and θ the angle between the vector wind and the direction along which the wind set up is most effective. A, B and C are constants and hf  is the wave set up.

This is subsequently modified by  Ghosh (1977) and Das (1994 ) which reads as 

  h = ao (( P) + a1  (( P) 2  + a2 C……(2)

Another simple formula for one dimensional channel is given as 

g  ρ h = ( P + ∫ 1/D ( (s –(B) dχ  ……(3)

where (s  and (B are the tangential and bottom stresses, D depth of water, g is acceleration due to gravity, ρ density of water, χ = 0 at the origin of the effective fetch.

Based on the  above principles  Gosh (1995) developed equations for storm surge h,

(h/(t + (U/(z +  (V/(y = 0…….…(4)

where h storm surge U and  V are the components of volume transport given as follows.

(U/(t=    - g D ( B r   ((h-ho)/(z - B ir  ((h-ho)/(y + f   ( A r V +  A i U (+ C r  T s x  - C i  T s y 
…….(5 a)

(V/(t=    - g D ( B r   ((h-ho)/(y - B ir  ((h-ho)/(x - f   ( A r U _  A i V  (+ C r  T s y  + C i  T s x 
     …….(5 b)

where r and i represent real and imaginary parts and superscripts x and y represent components of surface wind stress, while A and B are constants.

Ghosh  (1995) constructed nomograms, which can be used to estimate empirically the storm surge in terms of the cyclone intensity, diameter of the maximum wind, bathymetry of the landfall point and  the direction of the storm with respect to the coast. These are widely used now to estimate the storm surge for various coasts in India with a fairly good accuracy. Fig 1 to 3 are the nomograms developed by Ghosh (1995) which are used to  numerically arrive the storm surge values by IMD 
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Fig.1.   Diagrammatic representation of the storm Surge
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Fig. 3. Nomogram for estimating shoaling factor, for east coast of India.
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Fig.4. Radar picture to measure the radius of maximums winds

Fig.4 gives the radar imagery of the storm through which the radius of the maximum wind can be extracted in computing the storm surge. However, when the time of crossing of the storm augmented by the Solar and lunar tides the inundation is high.  Also as the topography of inland areas plays an important role in the drainage of the accumulated water due to these tidal forces which has the bearing of the effect of the disaster. 

The operational aspect of warning for the storm surge can be at least 25 to 50% higher than the calculated due to the high coastal variations of the boundary and bathymetry.  While warning for the storms that are skirting the coast much more judicious evaluation is necessary. 
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Fig. 5. Nomogram of  the Correction factor for vector storm motion. Radii are the storm speeds and the rays are the crossing angles of storm track to the coast measured clockwise from north.
	Comparative results of Ghosh and IIT models.

	Name of cyclone
	Year
	Pre.drop (hpa)
	Peak surge in metres

	
	
	
	Ghosh
	IIT, Dehli
	Observed

	Nellore
	1927
	80
	2.6
	3.1
	3.0

	Machilipatnam
	1949
	60
	2.8
	2.8
	2.5

	Kakinada
	1969
	45
	1.1
	2.8
	2.6

	Paradeep
	1971
	45
	4.1
	4.0
	4.5

	Porbandar
	1974
	66
	2.5
	4.0
	3.0

	Diviseema
	1977
	80
	4.8
	5.0
	5.6

	Kavali
	1979
	60
	2.7
	3.3
	3.0

	Chandbali
	1982
	50
	5.0
	3.5
	3.4

	Kavali
	1989
	70
	3.2
	3.8
	3.4

	Machilipatnam
	1980
	80
	4.0
	4.4
	3.5

	Tuticorin
	1992
	12
	1.0
	1.0
	1.0

	Karaikal
	1993
	50
	1.6
	1.0
	1.0

	Madras
	1994
	13
	0.4
	0.8
	1.1

	Kakinada
	1996
	30
	0.8
	1.6
	1.5

	Kandla
	1998
	4
	2.2
	3.3
	2.3

	Paradeep
	1999
	87
	3.5
	7.5
	5.6


Table.1 comparison of the storm surge from two different models

with the estimated observations
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Points propsed by Dr. J. V. M. Naidu for recommendations

at the Malaysia conference

· As  all the  models  are sensitive to wind velocity the ambiguity in the reporting of wind velocity may be resolved in an acceptable form ( Such as,  of 1-3 minute average)  for uniform evaluation of the  models for wider usage . This also facilitates the public for a better estimate of the cyclone intensity .
· All the models relating to storm effects may be extended to a distance of about at least 10 meters above the mean   sea level, inland for undertaking easy cyclone mitigation measures.   
· A Model input and evaluation Group may be constituted for giving proper input parameters, such as delta p, normalized winds and bathymetry data to the modelers in estimation of the intensities of the wave, swell and storm surges.
· Ocean circulation models may also be included   in future workshop programs for understanding the re- curvature and dissipation of cyclonic storms over sea areas.

· To recommend to all the concerned storm - prone countries to procure the necessary hard ware and install models such as of Storm surge, Wind waves and ocean circulation, with the mutual  assistance of the member countries.
· Exchange programs of training if necessary may be taken up, even with the assistance of International/regional Organizations to improve cyclone warning for better disaster mitigation.

