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 Abstract 

India and its neighborhood are threatened by the possibility of storm surge floods whenever a tropical cyclone approaches. About 300,000 lives were lost in one of the most severe cyclone that hit Bangladesh (then East Pakistan) in November 1970. The Andhra Cyclone devastated the eastern coast of India, killing about 10,000 persons in November 1977. More recently the Orissa coast of India was struck by a severe cyclonic storm in October 1999, killing more than 15000 people besides enormous loss to the property in the region. These and most of the world's greatest human disasters associated with the tropical cyclones have been directly attributed to storm surges.  


Storm surge disasters cause heavy loss of life and property, damage to the coastal structures and the losses of agriculture, which lead to annual economic losses in these countries. Thus the real time monitoring and warning of storm surge is of great concern for this region. 

 
The main objectives of the presentation are to highlight the current activity in surge modelling and related area in the Bay of Bengal. The paper also describe the development of location specific real time stand alone prediction system for providing effective and timely surge forecasts.

1. Introduction
          Storm surges associated with severe tropical cyclones constitute the world's worst coastal marine hazard. Storm surge disasters cause heavy loss of life and property, damage to the coastal structures and the losses of agriculture, which lead to annual economic losses in affected countries. Death and destruction arise directly from the intense winds characteristics of tropical cyclones blowing over a large surface of water, which is bounded by a shallow basin. As a result of these winds the massive piling of the seawater occurs at the coast leading to the sudden inundation and flooding of coastal regions.

1.1.
 Storm Surges in the Bay of Bengal

          Storm surges are extremely serious hazards along the east coast of India, Bangladesh, Myanmar and Sri Lanka.  Although Sri Lanka is affected only occasionally by the storm surge, however tropical cyclones of November 1964, November 1978 and the recent cyclone of November 1992 have caused extensive loss of life and property in the region. Storm surges affecting Myanmar are also to much less extent in comparison with Bangladesh and India.  Notable storm surges, which have affected Myanmar, have been during May 1967, May 1968, May 1970 and May 1975, of which May 1975 was the worst cyclone. The storm surge due to the May 1975 event penetrated at least 100 km into the Ayeyarwady river system and caused serious inland flooding (Lwin, 1980)

         
 A detailed review of the problem of storm surges in the Bay of Bengal is given by Ali (1979), Rao (1982), Roy (1984), Murty (1984), Murty et al. (1986), Das (1994 a, b), Dube et al. (1997, 1999, 2000a) and Chittibabu (1999).  In this paper, a brief account of the problem of storm surges in Bangladesh, east coast of India, Myanmar and Sri Lanka would be given. 


Of all the countries surrounding the Bay of Bengal, Bangladesh suffers most from storm surges. The main factors contributing to disastrous surges in Bangladesh may be summarized as (Ali, 1979).

(a)
shallow coastal water,

(b)
convergence of the bay,

(c)
high astronomical tides,

(d)
thickly populated low‑lying islands,

(e)
favorable cyclone track, and

(f)
innumerable number of inlets including world's largest river system 
(Ganga‑Brahmaputra‑Meghna)

1.2 
Destruction Potential

          Although the frequency of tropical cyclones in the Bay of Bengal is not quite high, even though the coastal regions of India, Bangladesh and Myanmar suffer most in terms of loss of life and property caused by the surges.  The reason besides the inadequate accurate prediction, are the low lands all along the coasts and considerably low‑lying huge deltas, such as, Gangetic delta and Irrawaddy delta. Table I lists the number of deaths associated with several deadly cyclone disasters where death tolls were in excess of 5000 lives. These major surges usually occurred unexpectedly.

          There can be little doubt that the number of casualties would have been considerably lower if the surge could have been predicted, say, 24 hours in advance allowing effective warnings in the threatened area. The prediction, must, of course, be accurate enough so that one can distinguish between the dangerous surges and the surges that cause little harm, as people cannot be evacuated from exposed areas for every approaching storm.  Some success has been achieved in predicting storm surges by computer oriented numerical models. The purpose of the present paper is to give a review of recent developments in predicting the storm surges in the Bay of Bengal and Arabian Sea.  A real time storm surge prediction system is also proposed here for disaster management (Dube et al., 1994).

                                                     TABLE I

                             Deaths in Tropical Cyclones
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2. Data Input for Surge Prediction Models

          In order to achieve greater confidence in   surge prediction in the Indian Seas one should have the good knowledge of the input parameters for the model. These parameters include the   oceanographic parameters, meteorological parameters (including storm characteristics), hydrological input, basin characteristics and coastal geometry, wind stress and seabed friction and information about the astronomical tides.  It has been seen that in many cases these input parameters strongly influence the surge development. 


Most of the northern Bay of Bengal is very shallow and is characterized by sharp changes in seabed contours. The shallowness of water may considerably modify the surge heights in this region. Therefore, accurate bathymetry maps are needed for improved surge prediction.

3. Operational Prediction  Models


In India, the study of the numerical storm surge prediction was pioneered by Das (1972). Subsequently several workers attempted the prediction of storm surges in the Bay of Bengal ( Das et al 1974; Ghosh, 1977; John and Ali, 1980; Johns et al., 1981; Murty and Henry, 1983; Dube et al., 1985, etc.) 

          Operational numerical storm surge prediction models have been developed and are being routinely used for several coastal region of the world such as North Sea, the Gulf of Mexico and Atlantic coast, Hong Kong, China etc. 

          Most of the operational models require large computing power. Therefore for routine forecasting of storm surges, especially providing multiple forecast scenarios, the models cannot be used in the absence of access to sufficient computing facility.  To overcome this difficulty, most of the forecasting offices use the nomogram methods of Jelesnianski (1972) for prediction of storm surges associated with tropical cyclones. The nomograms have been developed from modelling studies of a large   number   of bathymetries and approach angles.

  
Advent of powerful personal computers has set up a trend to run storm surge models in real time on PC-based workstations in an operational office. In fact, a PC‑based work station (the Automated Tropical Cyclone Forecasting System, ATCF) is already in operation at the Joint Typhoon Warning Centre, Guam for the past many years.  The Australian Bureau of Meteorology Research Centre, together with their Bureau Severe Weather Programme Office has also developed an Australian workstation for storm surge forecasting.  

4.  Real time Storm Surge Prediction System for the Bay of Bengal


In India, Dube et al (1994) describe a real time storm surge prediction system for the east coast of India. The forecasting system proposed by the authors is based on the vertically integrated numerical storm surge models that were developed earlier by the group (Johns et al., 1981; 1983; Dube et al., 1985). Surface winds associated with a tropical cyclone are derived from a dynamic storm model (Jelesnianski and  Taylor, 1973). The only meteorological inputs required for the model are   the positions of the cyclone, pressure drop and radii of maximum winds at any fixed interval of times. The model can be run in a few minutes on a PC in an operational office. The system is operated via a terminal menu and the output consists of the two –dimensional and three-dimensional views of peak sea surface elevations with the facility of zooming the region of interest. One of the significant features of this storm surge predication system is its ability to investigate multiple forecast scenarios to be made in real time. This has an advantage because the meteorological input needed for surge prediction can be periodically updated with the inflow of data on fast telecommunication links. The model has extensively been tested with severe cyclonic storms, which struck the east coast of India during the period 1960-1999. Detailed case studies by using this model may be seen in Dube and Gaur (1995). This version of the model was tested in near real time during the cyclone periods of 1992-1993 (Dube and Gaur, 1995). 

4.1 
Location Specific Models

Since the evolution of storm surges near the coast are known to be very sensitive to the coastal geometry and offshore bathymetry of the location of the landfall of the cyclone, the operational models should include these factors as accurately as possible. It is therefore felt that besides large-scale storm surge prediction models; operational office should use high-resolution location specific models for accurate prediction of the surges. Keeping this in view Rao et al, (1997), Chittibabu (1999) and Dube et al (2000b, 2000c) developed a location specific high-resolution models for Andhra and Orissa coasts of India, on the lines similar to that of Dube et al. (1994). One of the important features of the models is that it uses more accurate and detailed bathymetry for the offshore waters. 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. Attempt has been made to test the reliability of these models by validating it for various cyclones, which struck the Andhra and Orissa coast during 1891-1996.

4.2 
Basic Features of the Model

Dynamic Storm Model

          In the present model surge is generated by a cyclone, tracking across the analysis area.  In view of the strong associated winds and consequently high values of wind stress, the forcing due to barometric changes has been neglected. Thus, the surface wind field associated with tropical cyclone is the primary requirement for modelling storm surges. The wind field at the sea surface is derived by using a dynamic storm model developed by Jelesnianski and Taylor (1973). This storm model uses as input the radius of maximum wind and the pressure drop.  The main portion of the storm model is a trajectory model and a wind speed profile approximation   scheme.   The   trajectory   model represents a balance between pressure gradient, centrifugal, Coriolis and surface frictional forces for a stationary storm.

Storm Surge Model

Vertically integrated numerical storm surge prediction models of IIT Delhi ( Dube et al, 1994) has been adopted for the surge prediction, which may be used as a menu‑driven stand‑alone system. The details of the model and the numerical solution procedure are described in Das et  al (1983) and  Dube  et  al (1985).  Only a brief description of specific features will be presented here. The model is fully non‑linear and is forced by wind stress and by quadratic bottom friction. It is found that the non‑linear advection terms have significant effect on the final results, especially in the shallow coastal waters of the head Bay of Bengal. Therefore, for operational applications the non‑linear terms cannot be left out. The treatment of the coastal boundaries in the model involve a procedure leading to a realistic curvilinear representation of both the western and the eastern sides of the Bay of Bengal. This coastal representation has another added advantage of taking automatically into account the finer resolutions in the shallow regions of the northern Bay.  A desirable feature of storm surge simulation scheme is the ability to incorporate increased resolution adjacent to the coastline. This has been achieved by using a variable grid, which leads to a substantial refinement of resolution near the coastline and a coarser resolution in the deeper waters. This type of grid assists in the incorporation of a more detailed bathymetric specification in the important near coastal region.  With the specification of east‑west grid points, the first off‑shore grid points at which the elevation is computed is, on an average, about 5 km from the coastline.

Integration Procedure

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     CFL (Courant‑Friedrich‑Lewy) criterion.  In the present model this condition is satisfied by limiting the time step of integration to 3 minutes.

Bottom Stress

The bottom stress is computed from the depth-integrated current using conventional quadratic law   with   a   constant coefficient of 0.0026. This value has been decided by performing several numerical experiments (Johns et al, 1983).

Boundary and Initial Conditions

The coastal boundaries are taken as vertical sidewalls across which the normal transport vanishes.  The model has also the option to take continuously deforming shoreline, however it is not included in the present operationalization   system   due   to unavailability of detailed onshore topography data.  The normal currents across the open sea boundaries are prescribed by a radiation type of condition given by a Heaps (1973). As usual it is assumed that the motion in the sea is generated from an initial state of rest.

 Bathymetry

The bathymetry for the model is derived from the Naval Hydrographic Charts and is interpolated at the model grid points by using 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.

4.3 
Operating procedure of the model

Storm surge prediction model is run on a PC in a menu driven mode. The steps are as follows:

1. First the user sets up the forecast domain by executing appropriate window. The user also provides an arbitrary number of stations around the forecasted place of landfall of the cyclone for peak surge display. The duration of the forecast in hours or the number of iterations is also provided.

2. The user next provides the required characteristics of tropical cyclone for computing the wind stress forcing. These include (i) cyclone positions (latitude and longitude), (ii) pressure drop (hpa) and (iii) radius of maximum winds (meters) at any time interval (preferably six hourly observations). IMD provides these input data from INSAT imageries, cyclone detecting radars and surface synoptic analysis. 

3. The final step is to run the storm model and the surge model. Storm model computes required surface wind stress associated with the tropical cyclone in the model domain for each time step. The output of the surge model is sea‑surface elevations, depth averaged current fields and peak surge envelope for three forecast scenarios: (i) cyclone landfalling at the forecasted location, (ii) landfall at some distance say 100 km to the left of the forecasted location and (iii) landfall at 100 km to the right of the forecasted location.

4. The fields described above are then displayed on the computer. The user may select any part of the coastal region to get more detailed features of the results if needed.

5. The whole process of running the model for a 48-hour forecast takes only a few minutes on a personal computer.

    
One of the significant features of this storm surge forecast system is its ability to investigate multiple forecast scenarios to be made in real time. For example, three 48‑hour forecasts can be carried out on a 500 MHz Pentium PC in about 1 minute. As the cyclonic storm moves nearer to the coast and India Meteorological Department's forecast of landfall becomes more accurate, the track of the cyclone is updated at regular time intervals

        5.   Validation Experiments

          In order to validate the model, several simulation experiments have been performed by using the data of severe cyclonic storms hitting the coastal regions in the Bay of Bengal. In the present paper an attempt has been made to compare the simulated sea surface elevations with observations from local tide gauges where ever possible or with post storm survey estimates of Meteorological Departments of India, Bangladesh, Myanmar and Sri Lanka.

5.1
East Coast of India

 Andhra Cyclone (November 1977)
          A severe cyclonic storm with a core of hurricane winds hit the Andhra Coast of India on 19th November 1977.  The genesis area of the cyclone was in Malaysia region from where it moved westward as a low pressure area becoming concentrated into a deep depression with its centre near 6 N, 92 E on the morning of 14th November. Whilst continuing to move generally westward, the system rapidly intensified and on the morning of 16th, lay near 7 N, 85.5 E with a well‑developed core of winds exceeding 30 m/s.  On the evening of 16th November, the storm changed its course towards a more northerly track and continued to follow this until landfall at the Andhra coast. The history of the storm just before the landfall is shown in Figure 1. Satellite reports indicated that the storm attained its peak intensity on 18th and maintained this on 19th. The maximum wind speed associated with the storm during this period was estimated to be about 70 m/s   at a distance from the centre of about 40 km. A pressure drop of 80 hpa was estimated at the centre of the cyclone.
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Figure 1: Track of 1977 Andhra Cyclone


 A major part of the destructive effect of the cyclone was felt along the main coast south of Masulipatnam in Andhra Pradesh.  This resulted from   the   surge‑induced   sea‑surface elevations that caused widespread flooding in the low‑lying region, claiming a heavy toll of human life.  The sea‑surface elevations of 5 meters above mean‑sea level was estimated at Divi Island on the basis of floating debris which had become entangled in trees.

          A two-day simulation of the surge generated by the cyclone was commenced at 1200 UTC on November 17.  Model computed peak surge values associated with the storm are shown in Figure 2. It may be seen that the maximum model simulated surge of 5 meters occurs at a grid point closest to Dive Island.  This is in very good agreement with the post storm survey estimated sea level of about 5 meters in that region.
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Figure 2: Peak Surge Envelope associated with 1977 Andhra Cyclone
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Andhra Cyclone (May 1990)

          A severe cyclonic storm with a core of hurricane winds crossed Andhra coast at the mouth of river Krishna on the evening of 9th May 1990 at about 1330 UTC (Figure 3). The cyclone started as a well-marked low-pressure area over southeast Bay of Bengal and rapidly concentrated into a deep depression at 0300 UTC of 5th May 1990 with its center near 10.0 N and 85.5 E. On that evening it intensified further into a severe cyclonic storm by 6th morning when it was centered near 10.5 N, 83.5 E.  The cyclone attained hurricane intensity around 0600 UTC of 6th May. It moved in west‑northwesterly direction till 7th morning and changed its course to a north‑northwesterly direction till its landfall on 9th May. 

          Based on the observation of INSAT‑1B, India Meteorological Department estimated the lowest central pressure of the cyclone to be 920 hPa and the maximum sustained winds of 127 knots at about 25 km from the centre.
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Figure 3: Track of May 1990 Andhra Cyclone

    The cyclone caused heavy damage to the life and property in the coastal region. A surge of 4‑5 meters is reported from the region. At Edirumondi the level of Krishna River rose by about 4 meters and at Nagayalanka about 25km north of Edirumondi the rise in level was reported as 3‑4 meters. Although the May 1990 cyclone was very similar to that of 1977 Andhra cyclone, the number of casualties in the former was only few hundred as compared to the other in which about 10000 persons died. This can be attributed to better cyclone monitoring and warning system of IMD at present.  Figure 4 (a) depicts the model computed peak surge envelope along the east coast of India. It may be noted that the model-computed result of maximum surge height compares favorably with observed estimates. Figures 4 (b) and 4  (c) provide two other forecast scenarios when the landfall of the cyclone is 100 km to the south and north respectively of actual landfall point.
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Figure 4 (a): Peak surge envelop associated with 1990 Andhra Cyclone

Orissa Cyclone (October 1999)


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 26th and 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 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 28th. Cyclone crossed the Orissa coast of India close to Paradip between 0430 and 0630 UTC of 29 October. For the track land falling near Paradip the pressure drop is 97 hPa and radius of maximum winds is 40 km. The track of the cyclone is shown in Figure 5. 

Forecast experiments were performed for the following scenarios:

Scenario I: 
In this case the expected landfall is near Puri. The numerical integration is carried out for 36 hours. A maximum surge of 4.6 m is predicted to the north of Konark. The region between Konark and Paradip is affected by a surge of more than 3 m (Figure 6a)

Scenario II:
For this scenario the landfall of the cyclone is now taken as Balasore. The maximum computed surge of 4. 2m occurs 30km to the south of Balasore (Figure 6b) 

Scenario III: For this experiment the tentative best track of the cyclone is taken from the IMD after the cyclone crossed few km south of Paradip.  The model is integrated with 98 hPa and 40 km radius of maximum winds.  Figure 6 (c) shows the model computed peak surge envelope along the Orissa coast. It can be seen that a maximum surge of about 7.8 m occurred close to the landfall point (Dube et al. 2000). The coastal region between Konark and Chandbali is affected by a surge of more than 5m. Post- storm survey reports also show that the surge is more than 7m, near Paradip.  
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Figure 5: Track of October 1999 Orissa Cyclone
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Figure 6 (a): Peak surge envelop associated with 1999 Orissa Cyclone

Scenario I: Landfall at Puri (Dube et al, 2000b)
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Figure 6 (b): Peak surge envelop associated with 1999 Orissa Cyclone

Scenario II: Landfall at Balasore (Dube et al, 2000b)
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Figure 6 (c): Peak surge envelop associated with 1999 Orissa Cyclone

Scenario III: Actual Landfall at Paradeep (Dube et al, 2000b)

5.2 
Bangladesh: Chittagong Cyclone (November 1970)

           This cyclone ranks as one of the most deadly, if not the deadliest, storm ever devastate Bangladesh. The origin of this cyclone can be traced back to the remnant of a tropical storm that moved westward across Malaya on 5th November. The system appeared as a depression over the south central Bay of Bengal on November 8. While attaining storm intensity on November 9, it moved very slowly northward. Sustained winds reached hurricane intensity as it moved inland on November 11. The cyclone made a landfall about 80 km to the north of Chittagong on the morning of November 13 (0520 hrs Bangladesh standard time). The track of the cyclone is shown in Fig. 7. The observed range of maximum surge at Chittagong and neighborhood was reported to be between 4.2‑7.2 m. This is in good agreement with model computed peak surge (Fig.8).
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5.3       Myanmar : Gwa Cyclone (May 1982)


A well-marked low formed over southwest Bay on 30 April. Moving northwards it concentrated into a depression on the morning of 1st May center near 14.0 deg. N., 82.5 deg. E. The satellite classification at this stage was T 1.5 to T 2.0. Ship ATPT near 12.2 deg. N 83.4 deg. E reported surface wind 230/18 kt at 0300 GMT. By 6 GMT the organization of the system as revealed by the cyclone detection radar at Chennai clearly indicated its intensification as a cyclonic storm. The same afternoon satellite classification indicated the intensity of the system as lying between T 2.5 and T 3.5. Recurving northeastwards the storm lay close to the north Andhra Coast centered near 16.5 deg. N, 83.5 deg. E on 2nd morning. In the evening of 2nd it became severe cyclonic storm. Then the satellite classification from different centers lay between T 3.5 and T 4.5. Thereafter, it moved in an easterly direction and crossed the Arakan coast around midnight of 4th about 125km. South of Thandwe. Continuing to move in an eastsoutheasterly direction it weakened over Thailand and neighbourhood by 5th evening. The history of this storm is shown in Figure 9. The computed peak surge envelope along the coastal regions of Myanmar is depicted in Figure 10. During this cyclone the surge of the order of 3.7 m was reported along the Deltaic coast of Myanmar near Gwa. This is in good agreement with our predicted sea level elevations.




5.4  
Sri Lanka: Rameswaram Cyclone (December 1964)

          A severe cyclonic storm crossed the Sri Lanka coast about 50 km to the north of Trincomalee on 22nd December at about 0600 UTC. Moving northwestward it crossed the Sri Lanka and struck the Indian coast about 30 km to the south of Tondi on December 23 at 0600 UTC. This was one of the severest storm that have occurred in Indian seas and probably the most severe storm which affected Sri Lanka and extreme south of the Indian peninsula. The track of the cyclone is shown in Figure 11. Computed maximum sea surface elevations for the landfall of the cyclone in Sri Lanka and later in India are shown in Figure 12.

          A peak surge of 3.7 m is predicted at about 50 km north of Trincomalee while near Tondi (India) a peak surge of 5.6 m is predicted. This is in agreement with the reported  flooding  and surge in the region.





        6.   Conclusions

          The recent developments in the storm surge forecasting for the Bay of Bengal is described.  A real time storm surge prediction systems is proposed, which can be run in a few minutes on a personal computer. The forecasting system is based on the vertically integrated numerical storm surge model of Dube et al (1985). A dynamic storm model developed by Jelesnianski and Taylor  (1973) is used for computation of surface winds associated with cyclonic storms. Only meteorological inputs required for the model are positions of the cyclone, pressure drop and radii of maximum winds at any fixed interval of times. The system is operated via a terminal menu and the output consists of the 2‑D and 3‑D views of peak sea surface elevations with the facility of zooming the region of interest. The system can handle multiple forecast scenarios.

          The model results reported for several case studies are in very good agreement with the available observations and estimates of the surge. The model has extensively been tested with severe cyclonic storms of the last three decades, which have affected the coastal regions in the Bay of Bengal. 
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Figure 7: Track of Bangladesh cyclone





Figure 8:  Time variation of the predicted sea-surface


      Elevation at coastal stations of Bangladesh











Figure 9: Track of 1982 Myanmar cyclone











Figure 10: Predicted peak surge contours along Myanmar coast


Associated with 1982 Gwa cyclone





Figure 11: Track of 1964 Rameswaram cyclone (Rao et al, 1994)





Figure 12: Predicted peak surge along Sri Lanka and           southern Part of India  (Rao et al, 1994)























