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CHAPTER I 

 
Introduction 

 
 
The oceans and the atmosphere are closely linked to form one of the most dynamic 

component of the climate system. The surface layer is the region of the ocean that is 

in constant contact with the atmosphere, and through which all air-sea interaction 

takes place. Energy is transferred from the atmosphere to the ocean surface layer that 

influences the upper ocean characteristics and in turn, energy from the ocean is fed 

back to the atmosphere affecting the atmospheric circulation, the weather and the 

climate. The passage of a tropical cyclone over any warm tropical ocean is one of the 

best examples of air-sea interaction, which stimulates several modes of oceanic 

variability. The behaviour of the ocean during normal atmospheric conditions and that 

during extreme weather conditions exemplifies the role of atmospheric forcing in 

determining the resultant characteristics of the ocean. The energy and momentum 

transfer from wind to water, and its transfer to remote locations and further to deep 

oceans, vary in time and space and this plays an important role in determining the 

dynamics of the upper ocean. 

The Indian Ocean is the smallest of the major oceans and is considered by many 

investigators to be the most complex and the least understood oceanographically. 

Interestingly, this area is most dynamic because of the changing wind patterns 

associated with the Indian monsoons. The periodic reversals in the winds and 

associated changes in the current pattern of the upper ocean in this semi enclosed 

basin makes it unique compared to the Atlantic or Pacific Oceans. The limited 

northward extent, presence of warmest Sea Surface Temperature (SST) in the 
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southeastern Arabian Sea warm pool, the Indian Ocean Dipole, tele-connections with 

ElNiño/LaNiña, etc. further adds to the unique nature of the North Indian Ocean. 

Many of the physical phenomena which are well understood in other oceans remain to 

be explored in detail for North Indian Ocean and thus it makes a perfect basin to study 

the various aspects of upper ocean response to the passage of cyclone, in particular 

and its spatio-temporal variability. The present study addresses the details of oceanic 

response and its variability associated with passage of cyclones.  

1.1 Cyclones 

A warm-core, non-frontal, synoptic-scale low-pressure system, originating over 

tropical and sometimes subtropical waters, with an organized deep convection, and a 

closed surface wind circulation about a well-defined center is referred as cyclone. 

Once formed, a tropical cyclone is maintained by the extraction of heat energy from 

the ocean at relatively higher temperature and promotes heat export to the low 

temperatures of the upper troposphere. Depending on sustained surface winds, the 

system is classified as tropical disturbance, tropical depression, tropical storm, or 

tropical cyclone within category 1- 5. The cyclone is accompanied by thunderstorms, 

and circulation of winds near the Earth's surface, which is clockwise in the southern 

hemisphere and counter-clockwise in the northern hemisphere.  

Research at Colorado State University has proved the importance of the surrounding 

environment with horizontal and vertical wind shear playing significant roles in 

thermodynamic processes which determine the formation of a tropical cyclone (Gray, 

1979). There are six environmental factors that influence the formation of a tropical 

cyclone - a critical value of earth's vorticity, low-level relative vorticity, vertical wind 

shear, minimum SST of 26-27oC, potentially unstable troposphere and 

mid-troposphere humidity. Almost all these factors are satisfied in tropical oceans at 

any time especially during the summer. Among these, the changes in low level 

vorticity and vertical wind shear leads to favourable cyclonic conditions.  

Cyclones mainly draw their energy from the warm water of the tropics and latent heat 

of condensation thereof. Sufficient depth in mixed layer, apart from a minimum SST, 
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is also required, since as the tropical cyclone gains energy from the ocean and 

favoures upwelling. If the upwelled water is too cool, the ocean may no longer be 

capable of sustaining the development process in atmosphere. Thus, a stationary 

cyclonic disturbance will not often develop if the depth of the warm surface layer is 

too shallow.  

The passage of a tropical cyclone over the warm tropical ocean stimulates several 

modes of oceanic variability. Price et al. (1994) reported that the ocean’s response 

occurs in two stages-forced stage and relaxation stage. The forced stage response is 

the local response excited by the strong wind stress during the passage of cyclone, 

includes the mixed layer currents (Sanford et al., 1987) and substantial cooling of the 

mixed layer and sea surface (Black, 1983; Stramma et al., 1986; Ginis and Dikinov, 

1989) and this consists of a geostropic current and an associated trough in sea surface 

height. The relaxation response is the non local baroclinic response to the wind stress 

curl following the passage of cyclone. The time scale of the forced stage response is 

the cyclone’s residence time (half day).  The relaxation stage response is 

comparatively longer (5-10 days), which is the e-folding of mixed layer currents 

(Price, 1983 and Gill, 1984).  

1.2 Oceanic response to the cyclone passage 

The oceanic response to the passage of a cyclone depends on a number of air-sea 

parameters with maximum response to intense, slow moving cyclones.  Price (1981), 

Shay et al. (1992), Price et al. (1994), Dickey et al. (1998), Jacob et al. (2000) and 

Morey et al. (2006b) studied in detail the upper ocean temperature response to the 

passage of cyclones. Marked asymmetry in SST response is reported about the 

cyclone track, with maximum response on the right side.  However the rightward bias 

is less for slow moving cyclones compared to that for rapidly moving cyclones (Price, 

1981). Price et al. (1994) reported the details of various factors that determine the 

structure and amplitude of the upper ocean currents generated by cyclone passage, 

also in two stages. The strong wind stress in forced stage generates mixed layer 

currents with a time scale equal to the residence period of the cyclone. During 
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relaxation stage, the energy of the mixed layer currents are dispersed as near inertial 

frequency currents that penetrate into the thermocline, in response to the wind stress 

curl of the cyclone (Geisler, 1970 and Gill, 1984). Similar to that of SST, significant 

rightward bias is observed in mixed layer currents caused by the asymmetry in wind 

field. The wind stress vector rotates clockwise on the right side of the track and 

remains nearly parallel with the mixed layer currents and generates inertial currents 

which propagate to a greater distance and depth (Jacob et al., 2000). 

1.2.1 SST and mixed layer cooling 

The SST response depends on the mixed layer thickness with larger response in 

thinner mixed layer and in steep upper thermocline temperature gradient (Price, 1981 

and Morey et al., 2006b). There is marked asymmetry in the general wind field on 

both sides of the track with clockwise rotation of the wind vector on right side and 

anticlockwise rotation on left side of the track in northern hemisphere (Cardone et al., 

1977 and Price, 1981). The wind stress and stress curl are in near-resonant coupling 

with mixed layer currents on the right side of the track and forces high mixed layer 

velocities. This results in significant drop of SST, caused by the strong entrainment 

and near inertial mixed layer currents on right side of the cyclone track (Federov 

et al., 1979; Pudov et al., 1979 and Price, 1981).  

Morey et al. (2006a) studied the upper ocean response to surface heat and momentum 

fluxes associated with a major hurricane Dennis (July 2005) in the Gulf of Mexico. 

He reported with the help of a numerical model that surface heat fluxes are primarily 

responsible for widespread reduction (0.5° to 1.5°C) of SST and momentum fluxes 

are responsible for stronger surface cooling (2°C) near the center of the storm. 

Mahapatra et al. (2007) reported a shift in the region of maximum surface cooling to 

the left of the cyclone track in the coastal region of the landfall owing to the 

importance of coastal dynamics and bottom topography.   

There is strong cooling in the mixed layer directly beneath the cyclone track due to 

intense upwelling. The upwelling considerably enhances the entrainment under slowly 

moving hurricanes and reduces the rightward bias of the SST response. The pressure 
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gradients set up by the upwelling and the horizontal advection play an important role 

in dispersing energy from the mixed layer after the passage of cyclone (Chang and 

Anthes, 1978 and Price, 1981). The cooling directly beneath the cyclone track is in 

two stages- direct cooling and post storm cooling. The direct cooling is much lesser 

than post storm cooling and the magnitude decreases with depth. The cooling depends 

on many factors including ocean structure beneath the storm (i.e. location), storm 

speed, time of year and storm intensity (Cione and Uhlhorn, 2003).  

1.2.2 Inertial Oscillations 

On a non-rotating earth, in the absence of any force the water in motion will move in 

the same direction at the same speed unless otherwise it is opposed by an external 

force. But in a rotating earth, the moving water will experience Coriolis force. In the 

northern hemisphere (southern hemisphere) the Coriolis force deflects the water 

parcel to the right (left) at right angles to the direction of motion which will result in 

the water parcel to move in a circle. These oscillations continue even after the forcing 

stops as a consequence of inertia and is referred as inertial oscillation.  

The inertial oscillation is considered as the manifestation of unforced ocean dynamics. 

It is the balance between the rate of change of velocity and Coriolis force (Gill, 1982). 

Webster (1968) reported that inertial currents occur at all depths in the ocean with 

velocities ranging from 10 to 80 cm/s.  The amplitude varies depending on the 

strength of generating mechanisms and they decay due to friction when the forcing 

stops (Pond and Pickard, 1986). Generally inertial oscillations are observed after the 

passage of cyclones. The direction of rotation is clockwise (anticyclonic) in northern 

hemisphere and is anticlockwise (cyclonic) in southern hemisphere. 

The inertial period (T) is a function of Coriolis force (f), which in turn varies with 

latitude and hence it increases towards the equator. 



 
 

Chapter I – Introduction 

 6

fT π2=  where )sin(2 ΦΩ=f  , ‘Ω’ (7.292 x 10-5 rad/s) is the angular velocity of 

the earth and ‘φ’is the latitude of observation. The radius of the circle is: f
Vr =   

where ‘V’ is the inertial current speed. 

The forcing perturbations and the availability of energy in the ocean system is 

expected to generate inertial oscillations. Wind forcing is a major initiator of the 

inertial oscillation (Pollard, 1970; Pollard and Millard, 1970; Weller, 1982 and 

Poulian et al., 1992). The horizontal temperature gradients in the ocean interacting 

with the vertical mixing may also generate sustained inertial oscillations (Pedlosky 

and Stommel, 1993). Lien et al. (1996), Brink (1989), Shay and Chang (1997), Firing 

et al. (1997), Saji et al. (2000) and Jacobs et al. (2001) have reported inertial 

oscillations after the passage of various cyclones. The inertial oscillations are initially 

excited primarily in the surface mixed layer and then propagate down into the 

thermocline and away from the forcing region (Lien et al., 1996). Garret (2001) and 

Chiswell (2003) proved that deep inertial oscillation could penetrate only towards 

equator. The duration of the wind as compared with the inertial period is the most 

important factor, which governs the amplitude of the inertial oscillation (Gonella, 

1971). The largest inertial amplitude reported so far is 1.7 m/s associated with an 

unusually large and strong hurricane Gloria (Price et al., 1994). This maximum 

amplitude was found in the mixed layer to the right rear quadrant of the storm. Shenoi 

and Antony (1991), Rao et al. (1996), Saji et al. (2000), Hareeshkumar et al. (2001) 

and Joseph et al. (2007) have reported inertial oscillations in the North Indian Ocean 

under various meteorological conditions.  

There is marked asymmetry in circulation pattern on both the sides of the cyclone 

track. The near inertial oscillations are stronger where the wind direction rotates 

clockwise, resonating with the inertial oscillations. It happens on the right side of the 

track in northern hemisphere and left side of the track in southern hemisphere. These 

inertial currents exist for a period of a few weeks, which depends on the intensity of 

the cyclone and the local dynamics. The inertial band account for more than 50% of 

the total kinetic energy in the mixed layer (Pollard, 1980 and Thomson et al., 1998). 
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The frequency of inertial oscillation depends mainly on the local latitude, but 

generally the observed frequency varies from the theoretical value. Factors affecting 

the frequency of the inertial oscillations are latitudinal variation of Coriolis factor, 

which is capable of generating mean eastward or westward drift (Ripa, 1997), 

divergence in the quasi geostrophic flow field (Weller, 1982), vorticity in the quasi 

geostrophic flow field (Mooers, 1975 and Perkins, 1976), dissipation of energy 

through friction or other means (Pollard, 1970) and stratification and eddy viscosity of 

the water (Gonella, 1971). Many studies have reported a shift between the theoretical 

and the observed frequencies (White, 1972; Kundu, 1976; Millot and Crepon, 1981 

and Saji et al., 2000, Elipot, et al., 2010). The observed inertial frequency less 

(higher) than the theoretical frequency is termed as red (blue) shift. Gonella (1971) 

has reported that the difference is smallest when the transfer of momentum is at a 

maximum due to the homogeneity of the surface layer. Thomson et al. (1998) have 

reported a blue shift of 1.3 % in the northeast Pacific. White (1972) suggested that 

frequency shift observed in the equatorial currents were due to a positive doppler 

shifting of the frequency of the inertial wave by the zonal mean flow past the moored 

system. The lowering of the inertial frequency is possible through the large-scale flow 

altering background vorticity (Mooers, 1975; Perkins, 1976 and Weller, 1982). The 

dissipation of inertial oscillation energy by the bottom friction or turbulent mixing 

downward from the surface layer is another reason for lowering of inertial frequency 

(Pollard, 1980). Poulian (1990) and Jacobs et al. (2001) reported a red shift in the 

observed inertial frequency in North Pacific and Korea Strait respectively. Salat et al. 

(1992) reported a red shift of 10% in the shelf-slope front off northeast Spain.  

1.2.3 Surface wave 

The passage of a tropical cyclone generates violent waves which are a major threat to 

the navigation in the open ocean and turns disastrous as it approaches the coast. The 

cyclonic wind induced wave height increases significantly with intensity of the 

cyclone. Kumar et al. (2001 and 2003) studied in detail the estimation of wind speed 

and wave height during cyclones and found that the empirical relation holds good 

when the wave height is more than 3 m. In another study, Kumar et al. (2004) 

analysed the wave characteristics off Visakapatnam, during the passage of a cyclone 
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in November 1998 and reported significant variability in wave spectra during cyclone 

passage. The swells generated by the cyclone travel long distance, thereby affecting 

the distant locations. Cyclone generated waves play a significant role in design of 

coastal and offshore structures (Young, 2003).  

Apart from the above, the upper ocean responds in many folds to the passage of a 

tropical cyclone which has significant impacts on the physical, chemical and 

biological properties. The wind induced mixing produces significant change in 

chlorophyll-a concentration and salinity of the upper ocean. The increase in primary 

productivity associated with the cyclone passage and the subsequent increase in 

phytoplankton biomass has been an active field of research (Shiah et al., 2000, Madhu 

et al., 2002, Vinayachandran and Mathew, 2003 and Vinayachandran et al., 2005). 

However, the present study has been aimed at identifying in detail the properties of 

reduction in SST, cooling of the mixed layer, the inertial oscillations and the 

modification on waves associated with the passage of tropical cyclones.  

1.3 Cyclones in North Indian Ocean 

The north Indian Ocean is subdivided into two tropical cyclone areas, the Arabian Sea 

(AS) and the Bay of Bengal (BoB). The frequency and intensity of  tropical cyclone 

experienced in this area are less compared to other oceans, on an average six 

occurrences per year, which is about 6.5% of cyclone occurrences (wind speeds 

greater than or equal to 17m/s) in the world waters (Neumann, 1993 and McBride, 

1995). The BoB is the area of higher incidence of cyclones compared to AS because 

of the favorable conditions and is about 5 to 6 times the frequency in the Arabian Sea 

(Dube et al., 1997 and Chinthalu et al., 2001). These disturbances move towards 

north, northeast or northwest based on various cyclone parameters such as 

seasonality, initial position, intensity, speed and size of the cyclone (Deo et al., 2001).  

The tropical cyclones in the North Indian Ocean exhibit significant temporal variation 

in which the seasonal variation is more remarked than the annual variation. The 

variability in cyclone genesis is associated with the location of the thermal equator as 

it moves north and south with seasons (Lal, 1991; Menon, 1997 and Asnani, 2005). 
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India Meteorological Department (IMD) has prepared a detailed atlas on the tracks 

and frequency of storms for the period 1877-1990. The first part describes the 

cyclones during the period 1877 to 1970 and the second part during the period 1971 to 

1990 (IMD, 1979 and IMD, 1992). The cyclone tracks available in the Unisys website 

for the period 1945 to 2006 also exhibits significant inter-annual and seasonal 

variability in terms of the originating area, intensity, track, and landfall.  

The cyclones in BoB are most destructive, when they strike the low lying coastline. 

The piling up of water due to the funnel shape of the coastline and the narrow 

continental shelf combined with the high population density along the coastal areas 

amplifies the damage and loss of property. Interestingly, vulnerability to storm surges 

is not uniform along Indian coasts in terms of height of the storm surge and frequency 

of occurrence. And, of course, east coast of India faces higher vulnerability than that 

along west coast. Among the cyclones that crossed the coasts of India, the most 

disastrous as indicated by were as given below:  

• The cyclone that hit Calcutta in October 1737 coinciding with a violent 

earthquake, accounts for a toll of 3,00,000 lives accompanied by a 12m high 

storm surge (Lander and Guard, 1998).  

• Midnapore Cyclone of October 1942 was accompanied by gale wind speed of 

225 km/hr. 

• Rameswaram Cyclone of December 1964 wiped out Dhanuskodi in 

Rameswaran Island from the map with storm surge of 3-5m.  

• Bangladesh Cyclone of November 1970 took toll of about 3,00,000 people with 

storm surge of 4-5m (Lander and Guard, 1998). 

• Andhra Cyclone of November 1977 took a toll of about 10,000 lives with 

maximum wind speed of 200 km/hr and storm surge of 5m (Lander and Guard, 

1998).   

• Orissa super cyclone of October 1999 has been estimated for maximum wind 

speed of 260-270 km/hr in the core area which produced a huge storm surge that 
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led to pile up of more than 6m of water and took a toll of nearly 10,000 people 

(Kalsi and Srivastava, 2006). 

Many studies have been conducted recently on the various aspects of the Orissa super 

cyclone (October 1999), one of the most destructive cyclones in Indian history.  Most 

of these studies address the cyclone genesis, intensification, forecasting the track, 

landfall and other atmospheric parameters (Rajesh et al., 2005; Kalsi and Srivastava, 

2006; Bhaskar Rao and Hariprasad, 2006; Loe et al., 2006 and Kalsi, 2006). The 

upper ocean response to the passage of cyclones are addressed by Nayak et al. (2001), 

Madhu et al. (2002), Vinayachandran and Mathew (2003); they focused on the 

biological response and the impact on primary productivity. Mahapatra et al. (2007) 

studied the transformation of the upper ocean's response in the near-coastal waters to 

the 1999 Orissa super cyclone using a 3-dimensional model. He reported region of 

maximum surface cooling on the left of the cyclone track which indicates the 

importance of coastal dynamics and bottom topography in upper ocean response.  

Rao (1986, 1987), Rao and Sivakumar(1998), Premkumar et al. (2000), Rao and 

Premkumar (1998), Shenoi et al. (2002), and Sengupta et al. (2002) reported the 

significant reduction in SST and mixed layer cooling associated with the passage of 

various cyclones in the North Indian Ocean. Sengupta et al. (2007) reported that pre-

monsoon and post monsoon cyclones differ significantly in the reduction of SST in 

North Bay of Bengal. He reported that a shallow upper layer of freshwater due to river 

runoff and monsoon rains reduces the cooling during post monsoon cyclones.   

The response of upper ocean physical and biological properties to the passage of May 

2003 cyclone in the southern Bay of Bengal reports a decrease in SST up to 5°C, 

associated with the deepening of mixed layer by about 12m (Smitha et al., 2006). 

Changes in the current pattern associated with cyclone passage are reported in many 

studies. Saji et al. (2000) and Joseph et al. (2007) reported the inertial oscillation 

generated by the passage of cyclones from buoy observations in the BoB.   
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1.4 Objectives 

The time series observations along the track of a tropical cyclone are very crucial for 

understanding the oceanic response and its variability. However the observations in 

the cyclone track are limited, especially the in-situ time series observations. There are 

many studies, which report the atmospheric characteristics and upper ocean responses 

during the passage of cyclones in world oceans. The majority of the reports on 

cyclone passage in North Indian Ocean concentrate on the atmospheric parameters of 

tropical cyclone, its genesis, intensification and forecasting whereas the report on 

oceanic response are limited due to the inadequate in-situ observations. In this 

context, the North Indian Ocean requires detailed studies of this aspect, especially the 

spatio-temporal variability. The establishment of moored buoy network in 1997 in the 

Indian Seas provided a wealth of information regarding the upper ocean 

characteristics and this could thereon disclose the oceanic response to cyclone passage 

and its spatio-temporal variability. The present study is a first of its kind to understand 

the characteristics of inertial oscillation and its variability in North Indian Ocean 

utilizing moored buoy observations, as most apt choice.  

The objectives of this study are: 

• To understand the upper ocean response to extreme atmospheric forcing due to 

cyclones in the North Indian Ocean highlighting the reduction in SST, cooling 

of the mixed layer, inertial oscillation and the response in the wave 

characteristics. 

• To analyse the spatio-temporal variability of cyclone frequency in North 

Indian Ocean with an emphasis on the inter-comparison between AS and BoB. 

• To identify the relative importance of various factors that controls the upper 

ocean response to cyclones highlighting the cooling in SST. 
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1.5 Scheme of the thesis 

The doctoral thesis has been arranged into six chapters. The first chapter gives a 

general introduction to the ocean surface layer responses on the passage of cyclones 

with reviews related to the significant reduction in SST, the mixed layer response, the 

inertial oscillations and change in wave characteristics. A detailed literature review on 

the above aspects depicting the studies carried out elsewhere and specifically, in the 

North Indian Ocean is presented in this chapter.  

The details of data sets used and the various mathematical and analytical methods 

applied in this study are given under chapter II.  

Chapter III deals with the spatio-temporal variability in cyclone frequency in North 

Indian Ocean. The inter-annual, intra-annual and spatial variability of tropical 

cyclones in the North Indian Ocean are addressed in detail. The long term 

observations of monthly average SST and sea level pressure are also utilized to 

identify the role of local dynamics in the spatio-temporal variability of cyclones.  

The upper ocean response to cyclone passage in North Indian Ocean are addressed in 

two chapters. Chapter IV deals with the characteristics of oceanic response in AS and 

Chapter V describes the same in BoB. The drop in SST, the sudden increase in wave 

height, change in current pattern, fluctuations in wind direction, rotation in surface 

current direction etc. are studied in detail, utilizing the in-situ buoy observations 

during the passage of cyclones. The spatial response of the upper ocean has been 

studied utilizing the TMI-SST data. Detailed analysis of the variability in oceanic 

response and important conclusions are provided at the end of each chapter.  

Chapter VI presents the conclusion of the study listing all major findings and its 

implications. The asymmetric response in wave characteristics is also presented. The 

oceanic response to cyclones in terms of intensity, relative location, proximity to track 

and drop in SST are analysed in detail with an emphasis on variable response between 

AS and BoB.  

Reference list is appended.  



 

CHAPTER II 

 

Data and Methods of Analysis 

 
 
 

2.1 Introduction 

The study of upper ocean response to atmospheric forcing in North Indian Ocean 

reports the various aspects associated with the passage of cyclones and its variability. 

A detailed study requires long term time series data with sufficient spatial coverage. 

The ocean’s response to a cyclone passage is a typical example where we require high 

frequency time series data to report the sudden fluctuations in the upper ocean. The 

moored buoy data, which provides values at every three hours, is a wealth of 

information for studies with characteristics/variability pertaining to a wide range of 

frequencies.  However the moored buoy data is not adequate to study the spatial 

variability of forcing and its responses in upper ocean. Hence a combination of in-situ 

observations (moored buoy data) as well as satellite data in North Indian Ocean 

pertaining to the period of study is analysed to delineate the variability in atmospheric 

forcing and upper ocean response.   

The cyclone track information available in the Unisys website during the period from 

1947 to 2006 is utilized to understand the variability during the extreme wind forcing. 

Data analysis methods such as Progressive Vector Diagram (PVD), Power Spectrum, 

Rotary Spectrum and Wave spectrum along with appropriate presentation methods are 

utilized in this study. 



 
Chapter II - Data and methods of analysis 

 14

2.2 Data 

The moored data buoy observations and satellite data sets are used in this study to 

identify the response of atmospheric forcing in the upper ocean. The buoy data 

provides information on high frequency variability of ocean responses at a particular 

point whereas the satellite data sets provide the spatial variability as well as the 

temporal variability.  

2.2.1 Moored buoy data 

Time series observations of surface meteorological and oceanographic parameters 

from NIOT moored data buoys from September 1997 to December 2006 are utilised 

for this study. The moored buoys are floating platforms (Fig 2.1) designed to carry 

specific suit of sensors to measure meteorological and oceanographic parameters. The 

SEAWATCH Wavescan buoy (http://www.oceanor.no/related/Datasheets-pdf/ 

SW06_SEAWATCH_Wavescan_Buoy_FINAL.pdf) from Oceanor-Norway is used to 

establish the moored buoy network in Indian Seas.  These data buoys are equipped 

with sensors to measure air temperature, sea level pressure, wind, Sea Surface 

Temperature (SST), surface current and wave parameters. The buoys are also 

equipped with global positioning system, beacon light and satellite transceiver. These 

buoys are powered by batteries and are charged by solar panels during daytime. The 

details of wavescan buoy instrumentation and operation are provided in the website 

http://www.oceanor.no/systems/seawatch/buoys-and-sensor/wavescan along with the 

information about the operation and maintenance in Indian waters 

http://www.oceanor.no/systems/seawatch/Seawatch-systems/seawatch-india. 

 

Fig. 2.1: The NIOT moored buoy and its characteristics 
 

Buoy Type    :  Discus 

Total Weight    :  950 Kg 

Diameter of hull   :  2.2 m 

Buoy length - over all  :  5.85 m 

Natural heave frequency  :  0.5Hz 

Reserve Buoyancy  :  2000 kg
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Oceanor ‘GENI (GEneral INterface)’ is an operating system onboard the wavescan 

buoy, which is an interface and processing unit between sensors, various processes 

and the satellite system (http://www.oceanor.no/related/Datasheets-

pdf/SW02_Fugro_OCEANOR_GENI.pdf). GENI enables all sensors to operate at 

regular intervals (at every three hours), and the processed data are stored on buoy 

hard-disk and transmitted through satellite to the shorestation established at NIOT.   

The surface wind observations are made at a height of 3m above the sea surface and 

are extrapolated to the standard 10m height using the power law (Panofsky and 

Dutton, 1984). Water temperature, conductivity and current observations are made at 

a depth of 2.5m below the sea surface. Some of the deep sea buoys are fitted with 

thermistor chain upto a depth of 122m with 15 elements at specific depths. These 

elements are located at 2m, 7m, 12m, 17m, 22m, 27m, 32m, 37m, 42m, 47m, 52m, 

57m, 72m, 97m and 122m depths. The details of accuracy, range, resolution and 

make/user manual are given in Table 2.1. 

Table 2.1: Moored Buoy Sensor Specifications 

Parameter  Range Accuracy Resolution
Sampling 
Durn & 
Freq. 

Sensor make and Reference 

Air 
Temperature 

-30 oC –  
75 oC ± 0.1oC 0.01oC 10 min, 

1Hz 

Omega’s RTD Sensor 
http://www.omega.com/pptst/ 
RTD-805_RTD-806.html 

Sea Level 
Pressure 

700hPa–
1100hPa ±0.1hPa 0.01hPa 1 min, 

1Hz 

Vaisala PTB200 barometer 
http://www.vaisala.com/Vaisala%20Documents/
User%20Guides%20and%20Quick%20Ref% 
20Guides/PTB200_User_Guide_in_English.pdf 

Wind 
Speed** 

0 – 60 
ms−1 

±1.5% 
FS 0.07 ms−1 10 min, 

1Hz 

 

Lambrecht wind sensor - 1453 S2 
http://www.merazet.pl/pliki/ 
produkty/533_2.pdf 

Wind 
Direction** 0 – 359o ± 1o 0.1o 10 min, 

1Hz
Current 
Speed* 

0 – 6 
ms−1 ± 1cms−1 0.01cms−1 10 min, 

1Hz NE Sensortec UCM-60,  

Ultrasonic current meter 
http://www.sensortec.com/pdfs/UCM-
60%20Product%20Sheet.pdf 

Current 
Direction* 0 – 359o ± 2o 0.01o 10 min, 

1Hz 
Sea Surface 
Temperature* 

-5 – 
+45oC 

± 
0.005oC 0.001oC 10 min, 

1Hz 

Wave Height 0 – 20m 5 cm 1cm 17 min, 
1Hz

Seatex MRU  
ftp://poseidon.hcmr.gr/pub/mru4.2/ 
Man_user_mru_r11.pdf 

Wave 
Direction 0 – 359o ± 0.05o 0.01o 17 min, 

1Hz
  * Measurement at a depth of 2.5 m below the sea surface 
  ** Measurement at a height of 3m above the sea surface 
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Various quality control procedures such as spike test, range test, stuck value test, 

location test etc. are carried out using the tailor made software ‘ORKAN’ provided by 

the buoy manufacturer (Reed, et al., 1990 and Thrane, 1999). Orkan provides a data 

base with application programs for storage of time series. This helps to run a set of 

programs that decode, store, retrieve, process, analyze and present data in ORKAN 

system. 

The data gaps of less than a day in the buoy data are filled using three point 

Lagrangian interpolation scheme whereas the gaps of more than a day are left as it is. 

The gap filled data sets with sufficient number of observations are only utilized for 

spectral analysis. The temperature profile available during September 1997 (DS3-A 

and DS5-A) and June 1998 (DS1) are utilized to study the vertical variability of 

temperature during the passage of cyclone. The temperature profile is also used to 

study the penetration of the inertial oscillation to deeper layers. Data from 12 moored 

buoys are utilized in this study of which 11 are deep sea buoys and one shallow water 

buoy (Fig. 2.2 and Table 2.2).  
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Fig. 2.2: Location map of the moored buoy network in Arabian Sea and Bay of Bengal 

utilized in the present study 
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Table 2.2: Details of data buoy locations 

Sl No Buoy-Id *Location Lat (oN) Long (oE) Depth (m) 

1.  DS1 off Goa (1998-2007) 15.50 69.25 3800 

2.  DS3-A off Chennai (from 1997-1999) 13.00 87.0 3200 

3.  DS3-B off Chennai (from 2000-2007) 12.15 90.75 3100 

4.  DS4-A off Paradip (1997-March 1998) 19.03 88.98 1700 

5.  DS4-B off Paradip (June 1998-2007) 18.30 87.60 2200 

6.  DS5-A off Machilipatnam (1997-1998) 15.99 81.98 1050 

7.  DS5-B off Machilipatnam (2000-2007) 14.03 83.25 3200 

8.  MB10 off Mahabalipuram  (2003-2007) 12.51 84.98 3230 

9.  MB11 off Ramaypatnam (2003-2007) 14.99 87.50 2807 

10.  MB12 off Visakhapatnam (2003-2007) 18.14 90.14 2200 

11.  OB8 Off Cuddalore (2003-2007) 11.50 81.47 3510 

12.  SW6 off Ennore (1997-2000) 13.01 80.32 17 

* Nomenclature follows the place name of the nearest location on mainland 

2.2.2 ARGO data 

The vertical profiles obtained through ARGO (Array for Real-time Geostrophic 

Oceanography) floats are excellent information regarding the vertical structure of the 

ocean. These floats record temperature and salinity profiles while sinking to (rising 

from) the predetermined depth, stays afloat for few days (5 or 10 days), rises to the 

surface, transmits the data to satellites and again sinks. The data is transmitted to the 

ground station and is immediately available via the Global Telecommunication 

System (GTS) and also on the internet after quality check. Data from ARGO floats 

during the cyclone in May 2003 and April 2006 have been utilized for the present 

study. The profiles are recorded at an interval of five days and 12 profiles comprising 

the pre cyclone, cyclone and post cyclone periods are analysed to estimate the effect 

of cyclone in the upper ocean dynamics. The data is downloaded from the website: 

http://www.incois.gov.in/argo. 
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2.2.3 Cyclone track data 

The Joint Typhoon Warning Centre (JTWC) provides detailed information during the 

passage of cyclones in the North Indian Ocean. The Unisys Weather and Hurricane 

utilizes this information and provides cyclone track since 1945 in North Indian Ocean. 

The details of the cyclone tracks along with wind speed, air pressure and category of 

cyclone provided in the Unisys website (http://www.weather.unisys.com/hurricane) 

are utilized to identify the ocean response to extreme wind forcing and its variability.  

Table 2.3: Saffir-Simpson Scale  

Type Category Pressure
 (mb) 

Winds 
(knots) 

Winds
(mph) 

Surge 
(ft) 

Tropical 
Depression TD ----- < 34 < 39 0 

Tropical 
Storm TS ----- 34-63 39-73  0-3 

Cyclone Cy-1 > 980 64-82 74-95 4-5 

Cyclone Cy-2 965-980 83-95 96-110 6-8 

Cyclone Cy-3 945-965 96-112 111-130 9-12 

Cyclone Cy-4 920-945 113-135 131-155 13-18 

Cyclone Cy-5 < 920 >136 >156 >19 

The data set also provides a text based table of tracking information along with charts. 

The table includes position in latitude and longitude, maximum sustained winds in 

knots, and central pressure in milli bars.  The category of cyclones is classified based 

on the wind speed following Saffir-Simpson Scale (Table 2.3). The cyclone 

translation speed is calculated at buoy locations and TMI-SST extraction point using 

the track details.  

2.2.4 Satellite data 

The Tropical Rainfall Measuring Mission (TRMM) Microwave Imager (TMI) SST is 

utilized in this study to understand the spatial/temporal variability of SST during the 

passage of various cyclones in the North Indian Ocean. The TMI-SST is available 

from 06 December 1997 covering a region extending from 40oS to 40oN at a pixel 

resolution of 0.25x0.25deg. Three day average values (average of 3 days with third 

day as the file date) of TMI-SST are downloaded from the website: http://ssmi.com/. 
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2.2.5 Other Data Sets 

To identify the role of local dynamics in the distribution of cyclone frequency in 

North Indian Ocean, the monthly average values of SST and Sea Level Pressure 

(SLP) during the period 1947 to 2006 are utilized. The monthly average Extended 

Reconstructed Sea Surface Temperatures, version 3 (ERSST.v3), is available at a 

resolution of 2x2 degree grid since January 1854.  The analysis is based on the 

International Comprehensive Ocean-Atmosphere Data Set (Smith et al., 2008). The 

ASCII data is available at website: ftp://eclipse.ncdc.noaa.gov/pub/ersst/.  

The Hadley Centre’s monthly historical mean sea level pressure (MSLP) data set 

(HadSLP2) is based on rich terrestrial and marine data compilations and covers the 

period since 1850. A series of quality control tests were carried out on the terrestrial 

pressure series and marine observations from the International Comprehensive Ocean 

Atmosphere Data Set. The quality controlled data sets blended together and gridded 

over a spatial resolution of 5x5 degree. MSLP fields were made spatially complete 

using reduced space optimal interpolation (Allan and Ansell, 2006). The data is 

available at ftp://ftp.cdc.noaa.gov/Datasets.other/hadslp2/slp.mnmean.nc 

2.3 Methods of analysis 

The result of any research/study greatly depends on the data analysis methods adopted 

and it varies with the type of data sets and the intended application. The presentation 

of results using an appropriate plotting method is also equally important (Chambers 

et al., 1983). Hence different spectral analysis (Jenkins and Watts, 1968) and 

visualization methods are utilised in this study to arrive at the pertinent result. The 

methods used in this study are: Progressive Vector Diagram (PVD), Power Spectrum, 

Wave Spectrum and Rotary Spectrum.  

2.3.1 Progressive Vector Diagram (PVD) 

The PVD simulates Lagrangian display from Eulerian measurements and is used to 

estimate the time-integrated displacement of vector measurements (Neumann and 

Pierson, 1966; Emery and Thomson, 1997). It exhibits the relative displacement of 

fixed point measurements at any point of time as if in a lagrangian measurement. The 
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starting location (xo,yo) is the origin and (ui,vi) represents the vector measurements at 

‘ith’ point of time at an interval of ‘∆t’. The cumulative displacement (xi, yi) is 

calculated at each point of time. The time series plot of these points shifted in time by 

one step and converted to space units (m or km) provides the progressive vector 

diagram. The time series observations of surface current is presented with the first 

observation starting from the origin and then progresses according to the direction and 

speed of each observation. 

2.3.2  Spectral Analysis 

Spectral analysis is used to partition the variance of a time series as a function of 

frequency (Jenkins and Watts, 1968). The present study utilizes Power spectrum to 

estimate the frequency distribution in the temperature profile of moored buoys and 

Rotary cross spectral analysis to estimate the inertial oscillation observed in the 

surface current data. The wave spectrum is used to delineate the variable response in 

wave field associated with cyclone passage. 

2.3.2.1  Power Spectrum 

The power spectrum provides the estimate of power (energy per unit time) of the data 

distributed over a range of given frequency bins (Press et al., 1992). The discrete 

Fourier transform of an N-point sample of the function c(t) at equal intervals are 

carried out which provide the following coefficients  
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By Parseval’s theorem the above equation is normalized so that the sum of the 

‘N/2+1’ values of ‘P’ is equal to the mean squared amplitude of the function cj 

(Emery and Thomson, 1997). As a solution to the problem of leakage, data 

windowing is implemented in spectrum analysis. The inbuilt functions of FFT and 

power spectrum using Welch’s window in MATLAB are used to compute the power 

spectrum of the time series data.  

2.3.2.2 Rotary Spectrum 

The rotary spectral analysis is utilized to estimate the inertial oscillation observed in 

the surface wind, wave and current (Gonella, 1972). The time series data is converted 

into an earth referenced Cartesian co-ordinate system consisting of two orthogonal 

components –the horizontal component and vertical component.  

To carry out the rotary spectral analysis, the vector measurement (u, v) is split into 

clockwise and counterclockwise rotating circular components (A
_
, θ

_
; and A+, θ+) 

where A
_
 and A+ are the amplitudes and θ

_
, θ+ are the relative phases respectively 

(Emery and Thomson, 1997).  

In rotary spectral format, the current vector ω(t) can be written as the Fourier series 
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in which )()( tivtu +   is the mean velocity, tNkfkk ∆== /22 ππω , is the angular 

frequency, )( tnt ∆=  is the time and (Uk ,Vk) and (θk ,Φk) are the amplitudes and 

phases, respectively, of the Fourier constituents for each frequency, for the real and 

imaginary components. The rotary components are derived by expanding the 

trigonometric functions.  
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and the corresponding phase angles for time t=0, are: 
[ ] [ ]kkkkk VUUV 2121

1 /tan +−= −+ε  
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where ‘r’ ranges from ‘-1’ (clockwise rotation)  to ‘+1’ (counter clockwise rotation) 

and r=0 represents unidirectional flow. The sign of the rotary coefficient differs from 

that of Gonella (1972), to link the clockwise rotation with negative rotary coefficient 

as explained in Emery and Thomson (1997). The value of r = ±1 indicates circular 

motion where the combined vector is determined by one component and the other can 

be neglected. The specific phase difference at the inertial peak is estimated from the 

rotary spectrum.  Rotary spectrum is specifically used in inertial oscillation studies, 

where one of the rotary component –the clockwise component in the northern 

hemisphere and the counterclockwise component in southern hemisphere- 

significantly dominate the other.  

2.3.2.3 Wave Spectrum 

The moored data buoys are equipped with a MRU (Motion Reference Unit) for wave 

measurements which outputs absolute roll, pitch, compass and heave.  Acceleration, 

velocity of linear motions and angular velocity are also available. The wave data is 

measured at a rate of one Hz for 17 minutes at every three hours.  The processor on 

the buoy applies wave analysis software known as NEPTUN (Torsethaugen, and 

Krogstad, 1979), which uses a Fast Fourier Transform on the wave record to obtain 

power spectrum. In the wave spectrum, measurements between 0.04 - 0.5Hz is 

utilized for estimating various components (Table 2.4). Both directional and 

non-directional analysis was carried out to calculate a range of wave parameters. 
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Table 2.4: Definitions of the wave parameters 
 

mo, m1.. (mk) 
Moments of the spectrum about the origin f s f dfk

0 04

0 5

.

.

( )∫  

where s(f) is the spectral density 

Hm0 Estimation of Sig. Wave Height = √4 m0 

Tm02 Estimatione of avg. wave period = √ m0/m2 

Mdir Mean of the wave direction of whole spectrum 
 

2.4 Visualization of data and results 

The majority of the data sets utilised in this study belong to time series observation 

and most of them represent a point observation. Hence simple line diagrams are used 

to display the variability of the time series data and were plotted in Microcal-Origin. 

MATLAB, powerful software for various data analysis methods is used in data 

analysis and visualization of data. The spatial variability of a data set can be best 

represented in a contour plot and hence the Hovmöller diagrams depicting the 

time-longitude variability during cyclone passage were plotted using the Surfer 

package and Grid Analysis and Display System (GrADS).  

 

 



 

 

 

CHAPTER III 

 

Temporal and Spatial Variability of 

Cyclone Frequency in North Indian Ocean  

 
 
3.1 Introduction  

The north Indian Ocean is subdivided into two tropical cyclone areas, Arabian Sea (AS) 

and Bay of Bengal (BoB). The frequency and intensity of cyclones experienced in North 

Indian Ocean are less compared to other oceans (Neumann, 1993 and McBride, 1995). 

The BoB is the area of higher incidence of cyclones with 5 to 6 times than the frequency 

in AS (Dube et.al, 1997). Even with lesser percentage of occurrence compared to the 

global value, the cyclones in North Indian Ocean cause severe damage to life and 

property along the coastal belt of India. Hence, any change in cyclone characteristics 

(frequency, intensity etc.) has significant impact on the coastal population and industrial 

belt. 

Cyclone variability has been an active field of research in all ocean basins. Significant 

changes in cyclone frequency and intensity are reported in many studies (Goldenberg et 

al., 2001; Pielke, et al., 2005 and Trenberth, 2005) but most of them addressed Pacific 

and Atlantic Oceans. Sudden decrease in cyclone activity during mid-1970’s is reported 

due to the transition in atmosphere-ocean climate system and an associated change in 

storm tracks across large part of Northern Hemisphere (Folland and Parker, 1990; 

Trenberth 1990; Miller et al., 1993 and McCabe et al., 2001). Webster (2005) reported 

significant decrease in the frequency of cyclones throughout the planet excluding the 
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North Atlantic Ocean. He has also reported a great increase in the number and proportion 

of intense cyclones. Changes in the cyclone frequency and intensity associated with 

climate variability is reported in North Indian Ocean as well (Ali and Chowdhury, 1997; 

Ali, 1999; Singh et al., 2001a and Singh et al., 2001b), but most of them focused on the 

variability in BoB. This chapter addresses the spatial and temporal variability of cyclone 

frequency in North Indian Ocean during the study period of 1947 to 2006.  

3.2 Data 

The cyclone track data during the period 1947 to 2006, provided by ‘Unisys Weather and 

Hurricane’ is utilized in this study to identify the variability in cyclone frequency in 

North Indian Ocean. Considering the unavailability of cyclone intensity during the first 

half of the study period, the low pressure systems under all categories (tropical 

depressions, tropical storms and cyclone categories 1 to 5) is addressed as cyclones in the 

present study. Significant decrease in the frequency of cyclones is observed after the year 

1976 and consequently the analysis is carried out as two parts-up to and after 1976.  The 

inter-annual and intra-annual variability of cyclones significantly differs between AS and 

BoB and hence addressed separately.  

To identify the role of increasing SST on cyclone variability, monthly SST values from 

Extended Reconstructed Sea Surface Temperatures (ERSST.v3) during the period 1947 

to 2006 is utilized. The Hadley Centre’s monthly historical mean sea level pressure 

(MSLP) data set (HadSLP2) during the period 1947 to 2004 is also analyzed to find out 

the possible relationship with cyclone frequency.  The SST (at 0oN, 6oN, 10oN, 14oN and 

18oN) and SLP (0oN, 5oN, 10oN, 15oN and 20oN) data at various latitudes are extracted 

along 70oE in AS and 90oE in BoB. The SST and SLP data are further analysed by 

extracting the monsoon months (June to September) to identify the possible relation with 

the sudden decrease in cyclone frequency during monsoon period after 1976. The average 

monsoon SST and annual average SST and SLP values are smoothed on a five year scale 

to eliminate the high frequency variations in the data set.  
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3.3 Inter-annual variability  

The inter-annual variability of cyclones in the North Indian Ocean does not exhibit any 

significant natural cycles during the period under study. One striking feature is the 

substantial decrease in the number of cyclones in AS and BoB after the year 1976 

(Fig. 3.1). However the reduction in cyclone frequency in AS is not so intense as that of 

BoB. Cyclone frequency indicates a reduction of 39.1% in AS after 1976 whereas that in 

BoB is 71.4% (Table 3.1).  

The cyclone frequency in AS varies from a minimum of 0 to a maximum of 5 with an 

average of 2 cyclones in a year. There are 12 years without any occurrence of cyclones 

and maximum of 5 cyclones during the years 1972, 1975 and 1998. The highest number 

of occurrences is reported during periods 1959-1964, 1970-1976, 1998 and 2004. The 

period 1980-1991 exhibit strikingly less number of cyclones. 
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Fig. 3.1: Inter-annual variability of cyclones during the period 1947-2006 

Substantial decrease in cyclone frequency is observed in BoB after the year 1976. During 

the first half of observation, the number of cyclone varies from a minimum of 5 (during 

1957) to a maximum of 21 (during the year 1966). The second half of observation varies 

between a cyclone free year 2004 and a maximum of 8 during the year 1992.  
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There is no significant correlation between the frequency of cyclones in AS and BoB, 

even though the cyclone free years in AS are coincident with higher occurrence in BoB. 

The 60 year data does not exhibit any significant cyclic oscillation neither as a whole nor 

in individual basins. However, substantial decrease in cyclone frequency is observed after 

the year 1976.   

Table 3.1: Statistics of cyclone frequency during 1947 to2006 

 1947-1976 1977-2006 
AS BoB AS BoB 

Total number of 
cyclones 70 379 43 (40%) 107 

(73(%) 
Annual Minimum 0 5 (1956) 0 0 
Annual Maximum 5 (1972,1975) 21 (1966) 5 (1998) 8 (1992) 

Annual Average 2.33  12.63 1.43 3.57 
Cyclone free 

years 
1950,1953, 1955, 
1958, 1967,1968 Nil 1978,1981, 1990, 

1991, 2000,2005 2004 

 

3.4 Intra-annual variability  

The intra-annual variability of tropical cyclones in North Indian Ocean is more prominent 

than the inter-annual variation. Considering the significant decrease in cyclone frequency 

after the year 1976, the data has been grouped into two classes – upto 1976 (1947-1976) 

and after 1976 (1977-2006). The intriguing observation in intra-annual variability is the 

substantial reduction in cyclone frequency during monsoon season after 1976 (Fig. 3.2).   
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Fig. 3.2: Intra-annual variability of cyclones in AS and BoB during 1947-1976 (left 

panel) and 1977-2006 (right panel) 
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3.4.1 Variability During 1947 to 1976  

The AS and BoB exhibit significant difference in intra-annual variability of cyclone 

frequency. The cyclone season starts in both AS and BoB during the month of April. AS 

exhibits two major cyclone seasons - from April to July and from October to November.  

The months August, September and December also exhibit a few cyclones in AS with 

cyclone free months during January to March. BoB exhibits a different picture with an 

active cyclone season during April to December with maximum frequency during 

September and October. The month of January and February also reports a few cyclones 

with a single cyclone free month March (Fig. 3.2).  

The AS exhibits bimodal oscillation in annual cyclone frequency whereas that of BoB is 

unimodal. The months of May and June exhibit higher occurrence of cyclones in AS. The 

cyclone frequency in AS during the peak of monsoon season (July-September) and 

during December is comparatively less. A secondary peak in cyclone activity is observed 

during the post monsoon season (October-November). BoB exhibits a single maximum in 

annual cyclone frequency which starts in the month of April, increases slowly and 

reaches maximum in September. The frequency then decreases towards the cyclone free 

month March. The highest occurrence of cyclones in BoB is reported during the month of 

October (61 cyclones) followed by November (58 cyclones).  

3.4.2 Variability During 1977 to 2006  

The intra-annual variability of cyclone frequency during the period 1977 to 2006 exhibits 

an entirely different scenario than that of the period 1947 to1976 with nearly cyclone free 

period during southwest monsoon (Fig. 3.2). The discrepancy is pronounced in BoB with 

considerable reduction in cyclone activity during monsoon season.  

AS and BoB exhibit bimodal oscillation in annual cyclone frequency, before and after the 

southwest monsoon. There are equal chances of cyclone occurrence in AS during both 

the seasons, whereas BoB indicates higher cyclone frequency during post-monsoon. The 

pre-monsoon peak in BoB is concentrated mainly during the month of May whereas the 

post monsoon peak is distributed in October and November. 
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There is significant reduction in cyclone frequency after 1976. Average frequency of 

cyclones in AS during 1947-1976 was 2.3, which reduced to 1.4 cyclones per year during 

1977-2006. The cyclone frequency reduced from an average of 12.6 to 3.6 cyclones per 

year in BoB during the second half of the study period (Table 3.1).   

3.5 Variability in origin and dissipation of cyclones 

The origin and dissipating point of cyclones in North Indian Ocean exhibit large 

variability in space and time. Considering the significant intra-annual variability in 

cyclone frequency before and after 1976, the variability in cyclone genesis is also carried 

out under the same classification.  

3.5.1 Variability During 1947 to 1976  

The months of January and February have a record of few cyclones originating in BoB 

whereas the AS remains cyclone free. The cyclones in BoB are generated around 5oN and 

travel large distances before dissipation, even though most of these cyclones could not 

make landfall (Fig. 3.3a).  

The month of March is absolutely cyclone free with no trace of a single cyclone during 

the period from 1947 to 1976. However the cyclone season started in April with higher 

occurrences in BoB. Most of these cyclones were generated around 10oN.  The cyclones 

in AS moved towards northwest while that in BoB moved towards northeast and some of 

them made landfall before dissipation. 

The month of May and June exhibit higher occurrence of cyclones in both AS and BoB. 

The cyclones generated over a wide region covered the entire BoB, with higher frequency 

in the northern bay during June. Most of these cyclones in BoB make landfall 

predominantly crossing land in Bangladesh/northeast coast of India. The cyclones in AS 

were generated between 5o and 15oN and centered around 70oE.   Most of the cyclones in 

AS moved towards northwest and dissipated before landfall. However, some of the 

cyclones made landfall in northwest coast of India/ Pakistan.  
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The cyclones during July and August in BoB are generated over a narrow region around 

17oN in the head bay (Fig. 3.3b). All these cyclones move towards northeast and make 

landfall around the coast of Orissa/West Bengal and traveled longer distances over land 

before dissipation. The occurrence of cyclones during these months in AS is rare and 

only a few cyclones are generated near the coast of Gujarat which moved towards 

east-northeast. Most of the AS cyclones dissipated before landfall. 

The month of September has a few cyclones in AS which are originated around 15oN. In 

BoB the cyclones are originated above 15oN. In both AS and BoB, the cyclones moved 

towards northeast. The cyclones in BoB made landfall along the east coast of India and 

that in AS dissipated before landfall. 

The month of October has comparatively higher occurrence of cyclones in both AS and 

BoB with the origin of the cyclone above 5oN. The cyclones in AS were generated near 

to the coastline of India, whereas the origin of cyclones spread in the entire bay. Similar 

to that of September, these cyclones also moved towards northeast.  

Again the origin of cyclones shifted to the region between 5o to 15oN in both AS and 

BoB during November and these cyclones moved towards northwest/northeast. Some of 

the cyclones dissipated before landfall. The origin of cyclones during the month of 

December was confined to the smaller band of 5o to 10oN. Only a few cyclones were 

generated in AS compared to that of BoB. These cyclones moved towards either north or 

northeast. Most of them dissipated before landfall and the remaining, immediately after 

the landfall. 

3.5.2 Variability During 1977 to 2006  

The month of January exhibits nearly same frequency of cyclones in BoB whereas AS 

remains cyclone free as observed earlier. The significant difference is the southward shift 

in the originating area in BoB. The cyclones moved northward in earlier case whereas the 

current period exhibits landfall towards northwest (Fig. 3.3a).  
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Fig. 3.3a: The intra-annual variability of origin and dissipating point of cyclones during 

January to June for the period 1947-1976 (•) and 1977- 2006 (•) 
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Fig. 3.3b: The intra-annual variability of origin and dissipating point of cyclones during 

July to December for the period 1947-1976 (•) and 1977- 2006 (•) 
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The first half of the study period exhibits the occurrence of a few cyclones in BoB during 

February, which is not observed in the recent records. The month of March exhibit 

cyclone free month as observed in first half. The cyclone season started in April in BoB 

as observed during 1947 to 1976. However the AS remained cyclone free in April. The 

originating area does not exhibit any significant shift during April. However most of 

them made land fall, whereas those during 1947-1976 failed to make land fall.  

The month of May exhibits the beginning of cyclone season in AS. The cyclone 

frequency is less compared to the earlier observation. As observed in January, the 

originating area indicates southward shift in BoB and are originated far from the coast. 

Unlike the earlier period, most of these cyclones made landfall. The cyclone frequency in 

the month of June exhibits considerable decrease especially in BoB. The originating area 

indicates significant southward shift in both AS and BoB (Fig. 3.3b). The month of July 

and August are absolutely cyclone free months in both AS and BoB  

The month of September indicates a few cyclones in AS and BoB with significant 

reduction of cyclone frequency in BoB.  The month of October also exhibits considerable 

reduction in cyclone frequency. Even though there is no southward shift, the originating 

area is far from the coast and most of them made landfall during October. The months of 

November and December also exhibit substantial decrease in cyclone frequency in AS 

and BoB without any significant change in originating area. Unlike the cyclones during 

1947-1976, most of these cyclones made landfall. 

The cyclone genesis during the period 1977 to 2006 exhibited significant decrease in 

cyclone frequency. An important feature is the southward shift in originating area during 

January, May and June in BoB and during June in AS. However there is no significant 

shift during September to December. The active cyclone months May, June and October 

exhibited originating area far from the coast. Unlike the cyclones during 1947-1976, most 

of the cyclones made landfall during 1977-2006. The observation during 1947-1976 

exhibits an active cyclone season during southwest monsoon whereas the recent reports 

exhibit extensive reduction in cyclone activity during southwest monsoon with cyclone 

free months July and August. 
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3.6 Cyclone Variability and SST 

The average (annual and monsoon period) SST smoothed on a five year scale during the 

period  1947  to 2006  exhibit  the  significant  increase  in  SST  at  various  locations   

(0o, 6o,10o,14o and 18oN) along two transects (70oE in AS and 90oE in BoB). In general 

AS exhibits higher spatial variability with strong SST gradient in annual and within 

monsoon period. A minimum of 27.8oC at 18oN and a maximum of 29.06oC at equator is 

reported in annual average SST in AS whereas that of BoB exhibits weaker spatial SST 

gradient compared to that of AS, with a minimum of 27.93oC at 18oN and a maximum of 

29.06oC at the equator (Table. 3.2).  The AS exhibits higher spatial gradient than that of 

BoB, except between 0oN and 6oN. In contrary, BoB exhibits significantly higher annual 

SST at 0oN, followed by much lesser spatial gradient between 6oN to 14oN and much 

lower SST at 18oN. The SST at 0oN and 10oN in both the basins are comparable. The 

difference in SST between AS and BoB at 6oN is much higher compared to the 

differences at other latitudes. 
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Fig. 3.4: The inter-annual variability of SST at various latitudes along two transects (70oE 

in AS and 90oE in BoB). The top panel depicts the variability of annual average SST 
whereas the bottom panel displays the variability of monsoon (Jun-Sep) SST. The 

vertical line indicates the year 1976.  

The distribution of monsoon (June to September) SST in AS and BoB exhibits significant 

difference in heat gain and spatial variability (Fig. 3.4). BoB exhibits an intriguing 
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pattern with maximum SST at 18oN which decreases gradually reaching the minimum at 

6oN and then increases towards the equator. Even though there is no drastic difference in 

SST pattern after the year 1976, the net heat gain is less at higher latitudes especially at 

the end of the study period. This could have contributed in the reduction of monsoon 

cyclones, which are originated in the higher latitudes. The distribution of monsoon SST 

in AS exhibits a pattern similar to that of annual distribution with maximum SST at the 

equator, which gradually decreases towards higher latitudes. The lesser frequency of 

cyclones originated at higher latitudes in AS during  monsoon season could de due to the 

lower SST at higher latitudes compared to that of BoB.  

Table 3.2: Average SST and net heat gain at various latitudes. The values in bracket 
indicate the corresponding values of monsoon SST  

Lat. 
(oN) 

Avg. SST (oC) 
(1947-76) 

Avg. SST (oC) 
(1977-2006) 

Heat Gain (oC) 
(1977-2006) - (1947-1976) 

AS BoB AS BoB AS BoB 

0 
28.65 

(28.68) 
28.64 

(28.60) 
29.06 

(29.12) 
29.06 
(29.0) 

0.41 
(0.44) 

0.42 
(0.40) 

6 
28.64 

(28.54) 
28.38 

(28.19) 
29.0 

(28.94) 
28.78 

(28.62) 
0.37 

(0.39) 
0.41 

(0.43) 

10 
28.32 

(28.17) 
28.31 

(28.31) 
28.66 

(28.50) 
28.67 

(28.73) 
0.34 

(0.33) 
0.37 

(0.41) 

14 
27.89 

(27.91) 
28.20 

(28.55) 
28.21 

(28.18) 
28.55 

(28.95) 
0.32 

(0.27) 
0.35 

(0.40) 

18 
27.58 

(28.14) 
27.93 

(28.78) 
27.90 

(28.36) 
28.24 

(29.11) 
0.32 

(0.22) 
0.31 

(0.33) 
 
The net heat gain at various latitudes is computed as the difference between average SST 

during 1977-2006 and during 1947-1976.  It is observed that the warming occurred at 

various latitudes are not uniform in both AS and BoB and exhibits a decreasing trend 

towards higher latitudes. The maximum heat gain of 0.42oC and 0.41oC are observed at 

the equator in BoB and AS respectively. The minimum heat gain of 0.32oC in AS and 

0.31oC in BoB is reported at 18oN (Table 3.2). The maximum net heat gain (0.44oC) 

during monsoon was observed at the equator in AS which exhibited a decreasing trend 

towards higher latitudes and the minimum heat gain (0.22oC) was recorded at 18oN. Thus 

variable heat gain in AS leads to stronger spatial gradient in temperature. The maximum 

net heat gain (0.43oC) during monsoon was observed at 6oN in BoB, which decreases 
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both towards higher latitudes and equator, while reaching a minimum of 0.33oC at 18oN. 

The net heat gain at higher latitudes in BoB is higher during monsoon than that of the 

annual value and vice versa in AS (Table 3.2).    

Webster, et.al. (2005), Holland and Webster (2007) and Elsner  et.al. (2008) reported an 

increase in frequency of the high intensity cyclones (cyclone category 4 and 5) associated 

with an increase in SST. The present study could not attempt the same due to the 

unavailability of cyclone category information before 1970. An interesting observation is 

the decreasing trend in net heat gain in SST towards higher latitudes in annual and 

monsoon SST, which in turn leads to a higher spatial gradient in SST. However there is 

no significant change in the pattern of SST before and after the year 1976. Hence the 

noticable reduction in the cyclone frequency in the North Indian Ocean cannot be 

attributed to the increase in SST alone.  

3.7 Sea Level Pressure 

The monthly averaged sea level pressure (SLP) during the period 1947- 2004 is analysed 

to identify the possible relation with the change in cyclone frequency. The SLP is 

extracted (0o, 5o, 10o, 15o and 20oN) along two transects (70oE in AS and 90oE in BoB), 

which exhibits more fluctuation in BoB than that of AS (Fig. 3.5).  
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Fig. 3.5: The inter-annual variability of annual average SLP at various latitudes along two 

transects (70oE in AS and 90oE in BoB). The vertical line indicates the year 1976. 
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The spatial gradient in SLP increases towards higher latitudes in AS and BoB. However 

the SLP in AS remains nearly the same between 0o-10oN and exhibits large difference 

between 15o-20oN (Fig. 3.5).  An intriguing observation is the considerable increase in 

SLP after the year 1975 in both AS and BoB. BoB exhibits a cyclic trend (around 15 

years) which is not evident in AS. The increase in SLP in BoB during  mid 1970’s is 

accompanied with a change in trend as well. The SLP reaches maximum around the year 

1982 followed by a net decreasing trend for the remaining period in AS and BoB.  The 

distribution of monsoon SLP in AS and BoB does not exhibit any significant feature 

during the reporting period (Fig. 3.6).   
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Fig. 3.6: The inter-annual variability of monsoon SLP at various latitudes along two 

transects (70oE in AS and 90oE in BoB). The vertical line indicates the year 1976. 

Trenberth (1990) and Miller et al. (1993) reported sudden decrease in winter pacific 

mean sea level pressure during mid 1970, associated with climate change in 1970’s, and 

is attributed to change in cyclone frequency in Northern Hemisphere. Contrary to that, 

AS exhibits a sudden increase in SLP around 1975 whereas that in BoB is accompanied 

with a change in trend as well. The changes in SLP during mid 1970’s in AS and BoB 

might have contributed to the significant change in cyclone frequency appeared after the 

year 1976. 

 



Chapter III- Temporal and Spatial Variability of Cyclone Frequency in North Indian Ocean 

 38

3.8 Results and Discussion  

The cyclones exhibit significant inter-annual variability in both AS and BoB. The 

cyclone frequency in BoB is much higher than that of AS. However there is no 

significant correlation between the frequency of cyclones in AS and BoB. One striking 

feature is the substantial decrease in the annual average cyclones in BoB (from 12.6 to 

3.6) and AS (from 2.3 to 1.4) after the year 1976. AS exhibited 39.1% reduction in 

cyclone activity whereas that in BoB is 71.4%.  The cyclone frequency considered under 

the reporting period does not exhibit any significant cyclic oscillation.  

The intra-annual variability of tropical cyclones in North Indian Ocean is more prominent 

than the inter-annual variability. The intra-annual occurrence of cyclones during the 

period 1947-1976 and 1977-2006 differs significantly, particularly for the BoB basin. 

The first half exhibits an active cyclone season in BoB during May to December with 

maximum frequency during post monsoon. The second half (1977-2006) exhibit a 

different picture with two cyclone seasons namely, before and after the southwest 

monsoon with nearly cyclone free monsoon season. The significant difference in 

inter-annual and intra-annual variability between the first half and second half could be 

due to the transition in atmosphere-ocean climate system during mid 1970's.  

The origin and dissipating point of cyclones in North Indian Ocean during the period 

1947 to 1976 exhibit large variability in space and time. The originating area varies 

between 5o and 20oN with the march of seasons. The cyclones originate below 10oN 

during January, February and December whereas the originating area is between 5o and 

15oN during April and November. The originating area is spread across a wide area 

above 5oN during the peak cyclone season (May, June and October); more specifically, 

cyclones originate above 15oN during July, August and September.  

The cyclone genesis during the period 1977 to 2006 exhibited significant decrease in 

cyclone frequency specifically during southwest monsoon. Another interesting feature is 

the southward shift in originating area during January, May and June in BoB and during 

June in AS. McCabe et al. (2001) reported a northward shift of cyclone tracks and higher 
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cyclone frequency in higher latitudes in northern hemisphere associated with global 

warming. Contrary to that, the AS and BoB exhibits southward shift in cyclone track.    

The analysis of long term SST in AS exhibits higher variability with strong SST gradient 

than that of BoB. The warming occurred at various latitudes are not uniform in both AS 

and BoB and exhibits a decreasing trend towards higher latitudes. The lower net heat gain 

at higher latitudes in AS and BoB leads to a stronger spatial gradient in SST and this 

would affect cyclone formation. Higher monsoon SST at higher latitudes in BoB could 

have contributed to the cyclone formation during monsoon. It can be inferred that 

variable net heat gain, especially the lesser heat gain at higher latitudes may lead to 

changes in cyclone formation over a long period in AS and BoB.   

The detailed analysis of SST at selected points could not reveal any drastic change during 

1976 and hence does not exhibit any direct relation with change in cyclone frequency. 

However the analysis of SLP in AS and BoB exhibits significant increase after 1975, 

which could have contributed to the change in cyclone frequency. This indicates a 

momentous role of local SLP bring about a change in cyclone frequency for northern 

Indian Ocean. 

 



 

CHAPTER-IV 

 

Upper Ocean Response to Cyclones in 

Arabian Sea 

 
 
4.1 Introduction 

Arabian Sea (AS) is unique with many characteristics, including a complex air-sea 

interaction system, often driven by local as well as remote forcing mechanisms. The 

seasonal reversal of winds and the associated response(s) in ocean currents is just one 

among the interesting features observed in AS. The warm pool in the South Eastern AS 

displays the long lasting warmest water in the world which collapses by the onset of 

southwest monsoon (Sanilkumar et al. 2004). The onset of southwest monsoon in AS is 

mostly accompanied by a cyclone passage, which brings out intriguing responses in the 

upper ocean.  

AS experiences two cyclone seasons – one before and another after the southwest 

monsoon – with nearly equal chance of occurrence. This chapter deals with the 

characteristics of selected cyclones in AS during the period 1997 to 2006 and specifically 

addressed with emphasis on the upper ocean response(s) consequent to cyclone passage.  
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4.2 Data and Method 

The cyclone track data from Unisys website during the period 1997 to 2006 has been 

utilized to identify the characteristics of the cyclone. The time series buoy data for a 

period of two or more weeks starting with 3 to 5 days before the passage of cyclones and 

till the end of visible response are utilized in this study. TMI-SST at the location of 

maximum intensity (Fig. 4.1) is retrieved for a period of 30 days starting from 10 days 

before the day of maximum intensity. The Hovmoller diagrams of TMI-SST and 

normalized wave spectra were utilized to identify the variability in ocean response.  

The upper ocean response to passage of a cyclone is immediately visible as a change in 

wave, surface current and temperature pattern which is studied in detail using various 

methods such as progressive vector diagram, rotary spectral analysis and power spectral 

analysis. Progressive vector diagram shows the extent of oscillations and mean flow 

whereas rotary spectrum exhibits the frequency of oscillations in current observation. 

Power spectrum analysis of temperature profile is used to find out the depth up to which 

the oceanic response has penetrated.   

4.3 Cyclones in AS during 1997 to 2006 

The details of cyclone passage during the study period are analyzed and five of them are 

selected based on the availability of buoy data (Table 4.1). One cyclone under the 

category cy-1 during post monsoon, one tropical storm and three cy-3 cyclones during 

pre-monsoon are studied in detail to understand the variable oceanic response.   
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Fig.4.1: Cyclone tracks, data buoy location and TMI-SST extraction point during various 

AS Cyclones  
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All these cyclones are formed in the area between 10o-13oN, 67o-75oE, in which two 

cyclones of the pre-monsoon period (June 1998 and May 1999) were noticed to follow 

nearly the same track (Fig. 4.1). The cyclones during the pre-monsoon period made net 

movement towards north and made landfall on the northwest coast of India (except the 

tropical storm), whereas the one in post monsoon period moved towards northwest and 

made landfall on the coast of Oman. The tropical storm observed in June 2004 dissipated 

before land fall. 

Table 4.1: Details of cyclones utilized in this study 

Sl. No. Basin Type Duration Data Availability 

1.  AS Cy-3 1-9 June1998 DS1& TMI  

2.  AS Cy-1 11-17 December 1998 DS1& TMI 

3.  AS Cy-3 15-21 May1999 DS1& TMI 

4.  AS Cy-3 21-29 May 2001 DS1& TMI 

5.  AS TS 05-10 June 2004 DS1& TMI 
 

Noticeable, the buoy location is on the right side of the track except during May 2001 and 

June 2004. The track was closer to the buoy location (nearly under the track) during May 

1999 and far away during December 1998. The cyclone remained near to the buoy 

location for a longer duration during May 2001. The cyclone approached the buoy as 

category 1 cyclone (cy-1) during June 1998 and May 1999 whereas the cyclone 

intensified further into category 2 (cy-2) during May 2001 near the buoy location. The 

cyclone category was tropical storm near the buoy location during December 1998 and in 

June 2004.  

4.4 Observations of Wind, Sea Level Pressure and Air Temperature 

The met-ocean observations from the data buoy during the passage of various cyclones 

provided crucial information regarding the cyclone characteristics and its response in the 

upper ocean. The wind and air pressure are the major pre-cursors of the approaching 

cyclone. The wind direction exhibited slow rotation during the passage of cyclones 



 
 

Chapter IV – Upper Ocean Response to Cyclones in Arabian Sea 

 43

except for the TS in 2004 (Fig. 4.2). The direction of rotation is clockwise when the buoy 

location is on the right side of the track (during June 1998, December 1998 and May 

1999) whereas the rotation is anticlockwise when the buoy is on the left side of the track 

(during May 2001). The wind direction could not completely regain the pre-cyclonic 

condition and exhibited deviations except for the cyclone in December 1998. 

The wind speed at the buoy site before the cyclone passage is less than 10m/s except 

during June 2004 cyclone (Fig. 4.2). Therefore the approach of the cyclone is considered 

when the wind speed exceeds 10m/s. Sharp increase in wind speed is observed at all these 

occasions which recorded a maximum of 24.64m/s in June 1998, 17.54m/s December 

1998, 35.49m/s in May 1999, 23.74m/s in May 2001 and 22.31m/s in June 2004. The 

higher wind speed (above 10m/s) continued for a period of nearly 13 days during June 

2004. The wind speed immediately returned (~2 days) to the pre-cyclonic condition in 

May 1999, which recorded the highest wind speed. The higher wind speed is observed for 

longer duration (~6 days) during May 2001whereas the cyclones in 1998 exhibited higher 

wind speed for ~3days. The wind speed of 35.49m/s in May 1999 is the highest wind 

speed ever reported in the North Indian Ocean (Rajesh et al., 2005) associated with a 

cyclone passage and corresponds to a wind stress of 3.52N/m2. 

Sea level pressure (SLP) observation during the passage of cyclone is available except 

during May 1999. The decrease in SLP associated with the cyclone passage, varies with 

cyclone characteristics and exhibits direct correlation with the maximum wind and 

duration of high wind speed. It is observed that the SLP before the cyclone passage is 

~1010mb during pre-monsoon and ~1015mb during post-monsoon. A critical value of 

SLP is decided for pre-monsoon (1005mb) and post monsoon (1010mb) season based on 

the initial SLP to identify the duration of the cyclone. The longest duration of cyclone 

influence is depicted in June 2004 as seen in the duration of high wind. Similarly the 

gradual decrease/increase in air pressure which recorded the lowest value of 992.97mb in 

May 2001 also indicates longer duration of high wind speed. However there are no SLP 

observations corresponds to the highest wind speed of 35.49m/s in May 1999. The 
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minimum air pressure recorded at the buoy site was 997.4mb in June 1998, 1004.68mb in 

December 1998, 992.97mb in May 2001 and 999.38mb in June 2004.  
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Fig. 4.2: Wind, sea level pressure and air temperature observations during the passage of 

cyclones in AS. The horizontal lines at 10m/s, 1005/1010mb are used as an indicator for 

duration of cyclones 

The air temperature observations exhibit the rapid decrease which lasted for a day 

associated with cyclone passage. The minimum air temperature at the time of cyclone 

passage was 26.64oC in June 1998, 25.55oC in December 1998, 26.5oC in May 1999, 

24.49oC in May 2001 and 25.78oC in June 2004. The air temperature exhibited minimum 

value before reaching the minimum SLP during all cyclone events and exhibited lot of 

fluctuations.  This could be due to the intense rain associated with the cyclone passage; 

unfortunately the rain measurements are not available at the location.  
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4.5 Wave Observations 

The wave observations exhibited calm sea conditions before the cyclone passage. Sharp 

increase and a gradual decrease in wave height are observed during most of the cyclones. 

The maximum value of significant wave height recorded are; 7.66m in June 1998, 5m in 

December 1998, 6.41m in May 1999, 7.81m in May 2001 and 6.72m in June 2004 

(Fig. 4.3). The narrow peak in high wind speed during May 1999 is repeated in wave 

height as well. Similarly the sustained high wind speed during May 2001 and June 2004 

corresponds to high waves for longer duration. An interesting observation is that the 

highest wind speed (35.49m/s) in May 1999 does not correspond to the highest wave 

height whereas the maximum value of 7.81m is observed for a much smaller wind speed 

of 23.74m/s in May 2001. This indicates the importance of duration of wind in generating 

oceanic response in waves (Young, 1988; Young and Burchell, 1996 and Young, 2003).  
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Fig. 4.3: Wave observations during the cyclones in AS 



 
 

Chapter IV – Upper Ocean Response to Cyclones in Arabian Sea 

 46

The mean wave direction exhibits clockwise rotation during June 1998, December 1998, 

May 1999. Slight anticlockwise rotation in wave direction is observed during May 2001, 

whereas the wave direction did not exhibit any significant change during June 2004. The 

rotation in June 1998 and May 2001 are more rapid and didn’t make complete cycle.  

The mean wave direction made a slow and a single cycle during December 1998 whereas 

that of May 1999 made many rotations in short period. The buoy was on the right side 

and closer to the track during May 1999, which might have lead to the clockwise 

rotations in wave direction and resulted in churning up of sea surface. The chaotic sea 

state combined with sudden rise and fall of wave height indicates a dangerous sea 

condition near the cyclone track. The buoy was located farthest from the cyclone track 

during December 1998, which could be the reason for the slow rotation in wave direction.  

4.5.1 Wave Spectra 

The wave spectrum exhibits the distribution of wave energy as a function of frequency 

and direction. 1-D frequency spectra are available during June 2004 and are utilized to 

identify the spectral pattern during the passage of cyclone (Fig. 4.4).  
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Fig.4.4: Wave spectra before, during and after the passage of cyclone in June 2004 
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The spectra are in general single peaked except for the period 27 May to 04 June 2004.  

Single peaked spectra with spectral peak around 0.09Hz (11s) is observed in the 

beginning. Double peaks in spectra started appearing from 27 May 2004 with a shift in 

spectral peak around 0.06 Hz (16s). The shift in spectral peak from 11s to 16s indicates 

the dominance of swell component generated by the distant cyclone. The double peaks in 

wave spectra represent the contribution from both locally generated sea and the long 

swells (Fig. 4.4). 

The double peak in wave spectra remained till 04 June with major peak shifting between 

sea and swell component. The wave spectra shifted to single peak on 05 June and the 

spectral peak exhibits gradual shift from 0.1hz to 0.08Hz during 06 to 9 June. The 

spectral energy exhibits considerable increase as the cyclone approaches the buoy 

location. The cyclone was closer to the buoy location on 09 June and exhibits spectral 

peak at 0.08Hz (12.5s). The spectra remained single peak at 0.08Hz for the remaining 

period. The cyclone dissipated on 10 June immediately after crossing the buoy location. 

The wave spectra indicates the prevalence of long swells reaching the buoy location 

before the cyclone, which changed to sea dominated single peak wave spectra during the 

cyclone passage.     

4.6 Surface current 

The surface current observations at the buoy location during the passage of cyclones 

indicate clockwise rotation with significant increase in current speed (Current speed data 

is not available during December 1998 and both current speed and direction are not 

available during May 2001). The clockwise rotation observed at the buoy site made 

complete circles with a period of ~2days and continued for a longer duration even after 

the passage of cyclones (Fig. 4.5). This indicates the dissipation of kinetic energy as 

inertial currents which propagate to greater distance (Lien et al., 1996). The current 

direction resumed the pre-cyclonic condition after the clockwise rotation.  
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Fig. 4.5: Surface current observations during the passage of cyclones in AS 

The rotation started as an immediate response to the cyclone passage during December 

1998 and in May 1999 whereas the clockwise rotation started before the cyclone passage 

in June 1998. The response generated by the passage of a tropical storm in Central AS 

during 27-29 May 1998 combined with the impact of cyclone during 1-9 June 1998 might 

have forced the clockwise rotation in the surface current much before the arrival of the 

June 1998 cyclone at the buoy site.  

There was a rapid increase in the current speed forced by the cyclonic wind, which 

increased to a maximum of 130.1cm/s in June 1998 and 104.3cm/s in May 1999.  The 

buoy was located on right side of the track during June 1998, December 1998 and in May 

1999, which favored significant increase in current speed. An interesting observation is 

that the strong wind in May 1999 could produce only lesser current speed than that of the 

weaker wind in June 1998, which indicates the complex oceanic response during cyclone 

passage (Fig. 4.5). Similar to that of current direction, higher amplitude oscillation with a 

period of ~2days is observed in the current speed during June 1998 and in May 1999.  
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Fig. 4.6: Surface current vectors during the passage of cyclones in AS 

The clockwise rotation in current direction indicates the inertial oscillation generated by 

the cyclone. The current vectors during the cyclone passage are studied in detail to 

understand the oceanic response in surface currents and the inertial oscillation. The 

amplitude of eastward component and northward component are nearly equal during both 

the observations (Fig. 4.6). A phase lag of eastward component behind northward 

component is observed.  Phase lag of northward component behind east ward component 

is reported during inertial oscillation in southern hemisphere (Rivas and Piola, 2005). 

Maximum amplitude is observed during June 1998 followed by May 1999. However the 

higher amplitude observed during June 1998 than that of May 1999 again supports the 

combined effect of response to forcing mechanisms other than the intensity of local wind. 

Gonella (1971) reported that the most important factor that governs the amplitude of the 

inertial oscillation is duration of the wind compared to inertial period. The duration of the 

strong wind in May 1999 is less compared to that of June 1998 which exhibited high 

wind for longer duration.  
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4.6.1 Progressive vector Diagrams 

The progressive vector diagrams indicate the inertial oscillations associated with cyclone 

passage. Well-defined circular oscillations are generated by the strong wind forcing 

associated with cyclones during June 1998 and in May 1999 (Fig. 4.7). The progressive 

vector diagram during June 1998 shows mean eastward flow with five well defined 

clockwise rotations during the first two weeks, thereafter the flow is towards southeast. 

The theoretical period of the inertial oscillation at the point of observation is 45.3hr and 

the inertial radius corresponding to the highest current speed is 33.2km while the 

corresponding observed values are 45.0hr and 30.0km respectively.  
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Fig. 4.7: Progressive vector diagram during the passage of cyclones in AS 

The progressive vector diagram during May 1999 shows the mean flow towards south. 

Only one well defined inertial circle is observed during this period. The inertial 

oscillation started on 15 May 1999 and lasted till 27 May. The inertial period 

corresponding to the latitude of observation is 44.84 hrs whereas the observed period is 

45 hrs. The inertial radius corresponding to the maximum current speed of 104.3 cm/s is 

26.73km whereas the observed value is 29.0km. The difference between the observed and 

the computed values could be due to the coarse sampling interval of three hour. 
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4.6.2 Rotary spectra 

The rotary spectral analysis of the surface current vectors indicates the characteristics of 

inertial oscillation generated by the cyclones. A minimum sample size of 10 times the 

local inertial period centered during the period of inertial oscillation is used for this 

analysis which helps the better identification of the inertial frequency. The rotary 

spectrum analysis exhibits significant peak at the inertial band in the negative rotary 

component (S-), which agrees well with the theories of clockwise rotation in the northern 

hemisphere (Fig. 4.8). There is significant difference between the positive and negative 

components where the negative component dominates the spectrum in inertial band. The 

rotary coefficient, which indicates the strength of the inertial oscillation at the time of 

inertial peak, is negative with high magnitude. It shows that the inertial oscillation 

observed at the buoy site is nearly circular in clockwise direction.  The inertial peak is 

observed slightly higher or lower than the local inertial frequency. The coarse sampling 

interval of 3.0hour limits the identification of exact inertial peak.  
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Fig. 4.8: Rotary spectrum of surface current and wind during the passage of June 1998 

and May 1999 cyclones in AS 

The rotary spectrum analysis of the current in both the observations shows spectral peaks 

at inertial frequency with dominant negative rotary component (S-). The observations 

during June 1998 and in May 1999 exhibit inertial peak at 0.533cpd (45.0 hr). The 
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inertial frequency for the latitude of observation is 0.5298cpd (45.3 hr) during June 1998 

and that of May 1999 is 0.5352cpd (44.84hr). The inertial period during June 1998 

exhibits slightly lesser value than the theoretical period and hence shows a blue shift 

whereas that of May exhibits a higher value and hence a red shift (Fig 4.8). Jacobs et. al. 

(2001) reported that the blue shift in inertial oscillation is due to the presence of internal 

waves. The difference between the observed and local inertial peak are less. Gonella 

(1971) suggested that the difference in period/frequency is smallest when the transfer of 

momentum is at a maximum due to the homogeneity of the surface layer. The slight 

difference shows that the transfer of momentum is at maximum during both the 

observations. 

The rotary spectrum of the wind observations at DS1 during inertial oscillations in June 

1998 and in May 1999 does not indicate any significant spectral peak at the inertial 

frequency (Table 4.2). However there is significant difference between the clockwise and 

anticlockwise components. The dominance of negative rotary component suggests the 

presence of clockwise oscillation, which is also observed in the time series observations.  

Table 4.2: Inertial characteristics observed at DS1 during cyclone passage 

Period 

Surface Current Surface Wind 
Phase Diff. 
at Inertial 

Peak 

Rotary 
Coefft 

Percentage 
of Energy 

Phase Diff 
at Inertial 

Peak 

Rotary 
Coefft 

Percentage 
of Energy 

Jun’98 94.01 -0.99 56.14 86.08 -0.952 6.38 

May’99 88.99 -0.996 48.99 104.08 -0.80 2.32 
 

Spectral analysis of current during the cyclone passage in June 1998 and May 1999 

indicates rotary coefficient of -0.99 and -0.996 respectively at inertial peak. The 

corresponding energy values are 56.14% in June 1998 and 48.99% in May 1999 which 

reveals the dominance of inertial oscillation with ~50% energy in inertial band.  The 

phase difference at spectral peak is 94.01deg and 88.99 deg during June 1998 and May 

1999 respectively. The rotary coefficient of -0.99 with a phase difference of ~90deg and 

~50% energy in the inertial band indicates the presence of strong inertial oscillation. 
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4.7 Mixed Layer Temperature 

4.7.1 Sea Surface Temperature 

Significant drop of SST is observed during the passage of cyclones in AS. The SST 

before the passage of cyclone showed the presence of warm water of more than 30oC 

during June 1998 and in May 2001, whereas the pre-cyclonic SST is ~29oC and ~28oC 

during May 1999 and in December 1998 respectively (Fig. 4.9). The reduction in SST is 

highest during May 2001 and lowest during December 1998.  
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Fig. 4.9: SST during the passage of cyclones in AS 

The SST just before the cyclone passage is 31.33oC during June 1998. The wind induced 

mixing and Ekman pumping brought down the SST as low as 28.06oC within three days 

during June 1998. The monsoon onset in 1998 was associated with the cyclone passage. 

The SST could not regain the pre-cyclonic condition and remained with an average of 

29oC during the monsoon season.  
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The SST observations during December 1998 did not exhibit much variation. The values 

exhibit a steady decreasing trend during the entire reporting period. The SST before the 

cyclone passage was 28.18oC, which gradually reduced to 27.23oC after the cyclone 

passage. Weaker wind forcing of a short duration could be the reason for less reduction in 

SST during December 1998. 

The SST before cyclone passage was 29.96oC on 16 May 1999, which reached a 

minimum of 28.55oC on 17 May. Even though the cyclone was intense with wind speed 

of 35.49m/s near the buoy, the cooling observed in SST is only 1.41oC, much less than 

that observed in June 1998. Even though the wind forcing was strong, the short duration 

could be the reason for the comparatively lesser cooling in SST.   

The maximum SST observed at the location was 30.92oC on 19 May 2001. SST dropped 

by 4.4oC, reaching a minimum of 26.52oC on 29 May (Fig. 4.9). Even though the wind 

forcing was not as high as that of June 1998 and May 1999, the continuous high wind 

stress from 23rd to 27th enhanced the mixing of the water column and resulted in the 

significant drop of SST. This supports the importance of duration of strong wind in ocean 

response.   

It is observed that the reduction in SST greatly depends on the duration of the strong 

wind (Price, 1981). The buoy was on the right side, closer to the track during May 1999 

and again, was on the right side of the track during June 1998 as well in December 1998. 

But the maximum reduction in SST is observed during May 2001; in this case, the buoy 

was located on the left side of the track. It is also noted that the lesser cooling in SST 

associated with cyclone passage is coincident with lower pre-cyclonic SST. 

4.7.2 Subsurface Variability in Temperature 

Time series observations of temperature profile during June 1998 show the pre-monsoon 

warming of SST to more than 30oC and the sudden deepening of the mixed layer 

associated with the passage of cyclone. The mixed layer depth (MLD) is computed as the 

depth at which a reduction of 0.5oC from SST is observed (Levitus, 1982). The pre-
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cyclone MLD at the buoy site was ~20m which became ~50m by 9 June due to the 

intense mixing associated with cyclone passage. It also exhibits near inertial oscillation in 

the deeper layers after the cyclone passage (Fig. 4.10). 

 
Fig. 4.10: Vertical distribution of temperature before, during and after the passage of 

cyclone in June 1998 

The response to the wind stress during the forced stage and that of wind stress curl during 

the relaxation stage brought about substantial cooling of the SST and mixed layer 

resulting in significant increase in the MLD (Price et al., 1994). Very high pre-cyclonic 

SST combined with a very thin MLD could have been the reason for the significant 

deepening of MLD in AS. The energy of the mixed layer currents are dispersed as near 

inertial frequency internal waves and inertial currents which lasted for two weeks.  

The temperature observations exhibit the warming of seawater during the pre-monsoon 

period, which acquires a maximum of more than 31oC and collapses after the cyclone 

passage at the buoy site (Fig 4.10). A sudden decrease in temperature up to a depth of 

27m and increase in temperature at deeper levels due to the wind induced mixing 

associated with cyclone passage is observed.  
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Fig. 4.11: The power spectrum of temperature profiles during the cyclone in June 1998. 

The vertical line indicates the local inertial frequency 

The power spectra of temperature profile during June 1998 exhibit the penetration of 

inertial energy to deeper layers. Oscillations with near inertial period are observed after 

the cyclone passage with an increase in amplitude with depth (Fig. 4.11). Significant 

peaks in the inertial band are observed at deeper depths with maximum inertial energy at 

97m and later starts decreasing as observed at 122m. Dickey et al. (1998) reported similar 

near inertial temperature oscillations set up by the hurricane Felix, which was initially 

increasing with depth reaching a maximum value at the seasonal thermocline below the 

mixed layer.  

The temperature up to 22m depths does not exhibit any significant inertial energy. 

However significant energy in the diurnal and semidiurnal bands are observed. The 

spectrum at 27m during June exhibits the first indication of inertial signal and lower 

energy in diurnal and semidiurnal bands. The inertial peak closer to the local inertial 

frequency shows higher exchange of momentum during wind forcing associated with the 

cyclone passage during June 1998.  
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4.8 Spatial and Temporal Variability in Temperature 

The TRMM/TMI SST was available during the passage of various AS cyclones, which 

showed the spatial/temporal response due to the cyclone. TMI-SST at the location of 

maximum intensity is retrieved for a period of 30 days starting from 10 days before the 

day of maximum intensity (Table 4.3). The data is extracted over a longitudinal band of 

7.5degree with 2.5 degree on the left side and 5degree on the right side of the location of 

maximum intensity. The data set also exhibits the pre-cyclone warming, the sudden drop 

associated with cyclone passage and the build up of SST after the cyclone.  

Table 4.3: TMI data extraction details during AS cyclones 

Sl. 
No. 

Starting date of  
TMI Data Type  Max. 

Wind (kt) 

Location of Max. 
Intensity 

Long. (oE) Lat.(oN) 

1.  29 May1998 Cy-3 100 67.7 18.6 

2.  06 December 1998 Cy-1 65 65.5 17.1 

3.  10 May1999 Cy-3 110 67.1 20.4 

4.  15 May 2001 Cy-3 110 68.2 16.8 

5.  29 May 2004 TS 45 72.2 12.8 

 
The cyclone during June 1998 attained maximum intensity (cy-3) at 18.6oN, 67.7oE on 8 

June 1998 with maximum wind speed of 100kt. The SST before the cyclone passage was 

30.9oC, which reduced to 25.65oC after the cyclone passage (Fig. 4.12). The maximum 

drop of 5.25oC is observed on the right side (at 68.25oE), 66km away from the cyclone 

track. The buoy observations displayed less reduction in SST, since the system was not 

extensively intensified when it crossed the buoy location. The cooling of 5.25oC in SST 

was observed on 9 June, a day after the cyclone passage. The SST on the left side of the 

track returned to the pre-cyclone condition very quickly. However the SST remained less 

than 30.0oC for a longer period on right side of the track with maximum cooling, shifting 

further rightward.  
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The cyclone attained maximum intensity (Cyclone-1) at 17.1oN, 65.5oE on 15 December 

1998 with a maximum wind speed of 65kt. The TMI-SST exhibited maximum drop of 

2.4oC, which is observed at 66oE, 55km away on the right side of the track (Fig. 4.12). 

The cooling remained at this location for a longer period compared to earlier events. The 

DS1 buoy was far away (330km) from the cyclone track and the observed cooling was 

only ~1oC. However this exhibits the wide spread effect of cyclone passage. It can also 

be inferred that post monsoon cyclones in AS produce noticeable cooling even though the 

magnitude of cooling is less than that of pre-monsoon cyclones.  

 
     a                       b                         c                      d                       e 

Fig. 4.12: 30 days Hovmoller diagram of SST before, during and after the passage of AS 

cyclones in a) Jun'98, b) Dec'98, c)May'99, d)May'01 and e) Jun'04 

The cyclone during May 1999 attained maximum intensity (Cyclone-3) at 20.4oN, 67.1oE 

on 19 May 1999 with maximum wind speed of 110kt. The TMI-SST from 10 May to 08 

June 1999 exhibit the intense cooling associated with the cyclone passage and its spatial 

coverage (Fig. 4.12). It can be noted that the maximum cooling of 5.5oC was observed at 

72km (67.75oE) away on the right side of the track. The spatial and temporal coverage of 

the cooling is extensive which lasted for 10 days over a longitudinal belt of 275km. 

However the buoy reported lesser cooling due to lower intensity (Cyclone-1) of the 

cyclone near the buoy location. 



 
 

Chapter IV – Upper Ocean Response to Cyclones in Arabian Sea 

 59

The Arabian Sea cyclone in May 2001 is peculiar for being practically stationary at a 

location for a longer period after intensifying into cyclone-3. The cyclone during May 

2001 attained maximum intensity (Cyclone-3) at 16.8oN, 68.2oE on 24 May 2001 with 

maximum wind speed of 110kt. TMI-SST was more than 30.6°C before the cyclone 

passage and started decreasing as the cyclone intensified (Figure 4.12). The maximum 

cooling of 7.5oC with lowest SST of 22.8°C was observed around 68.25oE near the 

cyclone track; this is attributed to the slow transition towards northeast during that period. 

Price (1981) also reported less rightward bias in cooling for slow moving cyclones.  

The cyclone during June 2004 did not intensify beyond the category of tropical storm. 

The time series SST for the Hovmoller diagram is extracted along the longitudinal belt at 

12.8oN, 72.2oE. The corresponding maximum wind speed is only 45kt. The cooling 

observed at this location is much less compared to other cyclones, attributed to the low 

intensity.  

The AS had experienced three cyclones (June 1998, May 1999 and May 2001) with 

similar intensity (cy-3); however the associated cooling indicates a different picture. The 

maximum cooling observed during May 2001 (7.5oC) is much higher than that of June 

1998 (~5.25oC) and May 1999 (~5.5oC).  A lag of approximately one day is observed 

between maximum cyclone intensity and maximum cooling in AS, again with maximum 

lag during May 2001. This indicates the role of factors other than the intensity in 

determining the oceanic response. The May 2001 cyclone belong to the category of slow 

moving cyclones with a speed of 2.34m/s whereas the speed of the other systems were 

4.93m/s (June 1998) and 3.59m/s (May 1999). This supports the findings of Price et al. 

(1981) on higher upper ocean responses to slow moving cyclones.     

4.9 Results and Discussion  

The upper ocean response(s) to cyclones in AS, importantly, exhibits significant 

variability. The importance of (relative) location and proximity to cyclone track are 

evident in various met-ocean parameters. The wind direction exhibits only one rotation 

with period increasing with distance from the cyclone track whereas the speed decreases 
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as it move away from the track. The waves are in resonance with wind on both sides of 

the track and exhibits higher response on the right side of the track. The current direction 

rotates with near inertial period, whereas the period of rotation in wave direction 

increases as it moves away from the track as observed during December 1998. The wave 

spectra during the cyclone indicates double peak before the arrival of the storm and 

exhibits single peak during the cyclone passage. The double peak indicates the co-

existence of sea waves and long swells.  The single peak during the cyclone passage 

indicates the dominance of sea waves over long swells.  

The wave height and current speed depends on the relative location of observation and 

the duration/cyclone translation speed with maximum response to slow moving cyclones. 

The inertial oscillation is observed in surface current and in the mixed layer temperature. 

The inertial peak closer to the local inertial period indicates maximum transfer of energy 

during the cyclone passage. The inertial energy increases with depth in temperature and 

reaches maximum at depth of 97m and thereafter the inertial energy decreases. This 

indicates the propagation of inertial energy into deeper layers below the mixed layer 

which reaches maximum at thermocline region (Dick et al., 1998 and Lien et al., 1996). 

Significant effect on the upper ocean due to the passage of a cyclone is the noticeable 

cooling in the SST. The time evolution of the enhanced wind mixing and the resulting 

drop in SST is demonstrated in the moored buoys and satellite observations. It is 

observed that the intensity of cyclones are more during pre-monsoon in AS. The 

Cyclones during the post-monsoon season also generate noticable response in upper 

ocean, but to a lesser magnitude. The presence of warm SST (> 28oC) before the cyclone 

formation and the cooling due to intense mixing brings out significant changes in upper 

ocean. Maximum buoy observed cooling is 4.4oC at DS1 associated with AS cyclone 

during May 2001. The highest wind speed observed at the buoy site was 35.49m/s at DS1 

during AS cyclone in May 1999, which could produce a cooling of 1.41oC only. The May 

2001 cyclone belong to the slow moving whereas the May 1999 cyclone belongs to the 

category of moderate speed cyclone. It supports the fact that slowly moving cyclones 
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induce higher response than that of fast moving cyclones. It is also observed that the 

cooling in AS during a post monsoon cyclone is significant. 

The detailed analysis of the oceanic response during various cyclones indicates the major 

factors that control the upper ocean response. The duration of the strong wind and the 

cyclone translation speed are important factors controlling the oceanic response(s). It is 

observed that the most important factor controlling the SST response is the duration of 

the strong wind. Another important factor is the relative location with the cyclone track, 

with maximum response near right side of the track. The oceanic response closer to the 

track reports chaotic sea state with waves from all directions combined with sudden rise 

and fall of wave height. However the corresponding oceanic response exhibits lesser 

response in wave height, cooling and current speed. The asymmetric response of surface 

wind is well depicted in the buoy observations and the period of rotation of wind 

increases with distance from the track. The cyclone passage generates near inertial 

currents which contributes to the mixed layer dynamics.  

 

 

  



CHAPTER-V

Upper Ocean Response to Cyclones in

Bay of Bengal

5.1 Introduction

Bay of Bengal (BoB), the semi-enclosed basin in the north Indian Ocean exhibits unique

characteristics  with  seasonal  reversal  of  wind  and  ocean  currents  and  a  low  salinity

surface layer. The large influx of fresh water from rivers and the low lying coast line with

a narrow continental shelf further adds to its complexity in response to cyclones. The loss

of life and property associated with the strong winds, torrential rains and storm surges

also accounts for higher impacts than that of AS. Most of the disastrous cyclones in the

history of India belong to the BoB basin. The BoB is an area of higher incidence of

cyclones compared to AS (Dube et al., 1997) and is considered to be the most perilous

cyclone basin in terms of storm surge with an estimated death toll of 3,00,000 in 1970

and 1,38,000 in 1991 associated with severe cyclone (Lander and Guard, 1998). The

cyclones in BoB exhibit large variability in frequency and the recent records exhibit a

reduced frequency (described in chapter III) and higher intensity. This chapter addresses

the oceanic response to cyclones during the period 1997 to 2006. Cyclones during pre

and post monsoon ranging from the category of Tropical Storm to Cyclone-5 are

analyzed in detail to identify the characteristics of oceanic response.
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5.2 Data and Method

The cyclone track data from Unisys website during the period 1997 to 2006 has been

utilized along with buoy data, ARGO and TMI-SST. Time series observations of

met-ocean data from moored data buoys DS3-A & DS3-B (Central Bay of Bengal),

DS4-A  &  DS4-B  (Northern  Bay  of  Bengal)  and  DS5-A  &  DS5-B  (Southwest  Bay  of

Bengal), SW6, MB10, MB11, MB12 and OB8 in BoB are utilized in this study

(Table 5.1).  All parameters derived from buoy data have been studied for a period of two

or  more  weeks  including  pre  and  post  cyclone  period.  The  TMI data  at  the  location  of

maximum intensity is retrieved for a period of 30 days starting from 10 days before the

day of maximum intensity. The Hovmoller diagram is prepared from this data set to

identify the reduction in SST. The temperature and salinity profiles from ARGO floats

are utilized to understand the vertical variability during the passage of cyclones. Three

profiles each during the passage of cyclones in May 2003 and April 2006 are utilised in

this study. The normalized wave spectra are utilized to identify the oceanic response in

waves associated with cyclones.

5.3 Cyclones in BoB during 1997 to 2006

The characteristics of tropical cyclones in BoB during the period 1997 to 2006 are

addressed with an emphasis on the ocean response to cyclones. During the study period, a

total of 30 cyclones were reported in BoB, out of these, 20 (66%) belong to the categories

of tropical depression/storm and only one under the category of highest intensity

cyclone-5. There were 5cyclones under category cy-1, one cy-2 and 3 cy-3 cyclones. No

cyclones under the category cy-3 are reported during the study period. Two cyclones each

under the categories cy-2 and cy-4 and one cyclone each under the categories TS, cy-2

and cy-5 during the reporting period are studied in detail to understand the variability in

response to differential forcing (Table 5.1).
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Fig. 5.1: Cyclone tracks and buoy locations during various cyclones in BoB

Unlike the cyclone observations in AS, there are many data buoys near the cyclone track

in BoB, which falls on either side of the track and provide a rich data set to identify the

variable response to cyclone passage. However, most of these buoys are on the left side

of  the  track.  Maximum  of  five  data  buoys  were  present  during  the  passage  of  the  TS

during May 2003, followed by four data buoys during the cyclones in 1997 and in 2006.

There are observations from three data buoys in 1998 and two data buoys during 1999

cyclones.  Among the network of data buoys DS5-A and DS4-A (cy-1 in September

1997), DS3-A (cy-2 in November 1998), DS4-B (cy-1 in November 1998), DS4-B (cy-5

in October 1999) and MB11 (TS in May 2003) were closer to the cyclone track and hence

exhibit higher oceanic response.

Table 5.1: Details of cyclones and buoy data utilized in this study

Sl.
No. Basin Type Duration Data Availability

1. BoB Cy-1 19-27 September 1997 DS3-A, DS4-A , DS5-A & SW6

2. BoB Cy-2 13-16 November 1998 DS3-A, DS4-B, DS5-A & TMI

3. BoB Cy-1 16-23 November 1998 DS3-A, DS4-B, DS5-A & TMI

4. BoB Cy-4 15-18 October 1999 DS3-A, DS4-B & TMI

5. BoB Cy-5 25 October-3 November
1999 DS3-A, DS4-B & TMI

6. BoB TS 8-19 May 2003 DS3-B, DS5-B, MB11, MB12, OB8, TMI
& ARGO

7. BoB Cy-4 24-29 April 2006
(Cyclone MALA)

DS5-B, MB10, MB12, OB8, TMI &
ARGO
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The cyclones generated in BoB during pre-monsoon season (May 2003 and April 2006)

moved towards northeast (parallel to the east coast) and made landfall at

Bangladesh/Myanmar  coast  whereas  that  of  post-monsoon   moved  towards  northwest

(shore  normal)  and  made  landfall  along  the  east  coast  of  India  except  the  one  that

occurred in September 1997. The cyclone during September 1997 moved parallel to the

coast and made landfall in Bangladesh coast (Fig. 5.1). Two cyclones formed in BoB

during November 1998. The first cyclone moved towards northwest, attained the strength

of cyclone-2 and made landfall. The second cyclone during 16 to 23 November 1998

developed from the remnants of tropical storm ‘Chip’ from the Western Pacific, initially

moved towards northwest. The cyclone intensified into category cy-1, re-curved and

made landfall on Bangladesh coast (Source: cyclone report from IMD and Unisys).

Two cyclones again formed in BoB during October 1999. The first cyclone intensified

into cy-4, moved northwestward and crossed Orissa coast as cy-2. The second cyclone

during 25 October to 3 November 1999 is very peculiar for its southward movement and

happens to be the deadliest Indian Ocean tropical cyclone since 1971. The cyclone made

landfall just weeks after the first cyclone hit a nearby area. It slowly weakened, moved

southward and re-emerged into the Bay of Bengal, and later, dissipated over the open

waters (Source: cyclone report from IMD and Unisys). The data buoy DS4-B was near to

the track of the cyclones in October 1999, but this buoy was equipped only with a wave

sensor and unfortunately, could not record any other observations. Another buoy DS3-A

in the central BoB was operational during both the cyclones. The observations from these

two buoys, especially the wave data from DS4-B indicate the intensity of the cyclone.

The tropical depression formed in the southeast BoB during May 2003, initially moved in

a northwestward direction. Later the system re-curved and started moving towards

northeast and crossed the Myanmar coast on 20 May 2003. Five data buoys in BoB

picked up the signals of this cyclone passage. The cyclone re-curved near the MB11

location in the central BOB, enabling it to pick up the responses for a prolonged period.

Interestingly, this cyclone approached the DS3-B buoy twice during its passage and the
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buoy observations evidently show corresponding responses (Source: cyclone report from

IMD and Unisys).

A tropical storm formed in the central BoB in April 2006 was named as MALA, which

moved northeastward and made landfall over Myanmar and quickly dissipated. This

cyclone is the third intense cyclone to form in April, while the other two were in 1991

and 1994 (Source: cyclone report from IMD and Unisys). Four data buoys (DS5-B,

MB10, MB12 and OB8) deployed in the BoB and three Argo floats captured the signals

of cyclone passage.

5.4 Sea Level Pressure and Air Temperature Observations

A drop in sea level pressure (SLP) is the pre-cursor of a cyclone; being the first indicator,

this is very important and the gradient obviously shows the severity of the cyclone. SLP

exhibited almost uniform distribution with semidiurnal oscillations at all buoy locations

except during cyclones. A sudden drop in SLP during the passage of cyclone(s) and

immediate regain of normal atmospheric conditions are observed.

SLP dropped more than 10mb within a day and recorded a minimum of 995.7mb and

994.9mb at locations DS4-A and DS5-A during the passage of the cyclone in September

1997 (Fig. 5.2). The SLP observations showed the passage of two cyclones within a

period of 10 days during November 1998 and in October 1999. The SLP reached a

minimum of 998.63mb (at DS4-B) on 20 November 1998, 1001.86mb (at DS3-B) on 18

October 1999  and 1003.47mb (at DS3-B) on 29 October 1999.

SLP observations at buoy locations were around 1007mb just before the cyclone in May

2003. The average pressure drop observed is of the order of 7mb with a maximum drop

of 11mb at MB11, reaching a minimum of 994.4mb on 14 May 2003.  SLP observations

exhibited gradual decrease during April 2006 without any significant drop associated

with cyclone passage (Fig. 5.2).

The air temperature exhibits significant diurnal oscillation at all buoy locations. The

sudden fluctuations in air temperature could be due to the intense local rains associated
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with  cyclone  passage.  The  air  temperature  was  high  at  DS4-A  location  than  that  of

DS5-A before the passage of cyclones in September 1997 and in November 1998.  The

pre-cyclonic air temperature exhibited significant difference between DS3-A, DS4-A,

DS5-A and SW6, which became nearly uniform after the cyclone passage. The

observation of air temperature is available only at DS3-A location during the cyclones in

October 1999, which did not exhibit much variability, probably because of the large

distance from the track (Fig. 5.2).
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Fig. 5.2: Air pressure and air temperature observations during the passage of various

cyclones in BoB
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The air temperature exhibited large fluctuations at all buoy locations during the passage

of cyclone in May 2003 for a longer period, which could be due to the local rains

associated with the cyclone passage. The air temperature at all locations was almost

uniform before the passage of the cyclone in April 2006. The MB10 and OB8 location

exhibited temperature fluctuations during the cyclone passage whereas that at DS5-B

continued without any significant fluctuations in air temperature.

5.5 Surface Wind Observations

The intriguing observation(s) on surface wind, during the passage of cyclones, is

highlighted by the relative rotation (clockwise/anticlockwise) in wind direction on either

side(s)  of  the  cyclone  track  (right/left).  The  wind  direction  at  DS4-B  buoy  during  the

cyclones in November 1998 and DS3-A buoy during the Orissa super cyclone in October

1999 made complete circles. Rotation in wind direction is observed at other locations too

associated with cyclone passages, but did not exhibit a complete circle (Fig. 5.3).

The DS3-A and DS4-A buoys were on the right side and DS5-Aand SW6 buoys were on

the left side of the track during the cyclone in September 1997. Even though the buoys

were closer to the track, none of these made complete rotation in wind direction, since the

cyclone did not intensify beyond the tropical storm stage near the buoy locations.

Clockwise rotation at DS4-A and anticlockwise rotation at DS5-A and SW6 were

observed whereas no change in wind direction was observed at DS3-A. The cyclone track

was initially towards DS5-A buoy; the cyclone approaching the buoy turned northeast

and thence the location happens to be on the left side of the track. This change in cyclone

track is reflected as slight clockwise rotation, followed by anticlockwise rotation in wind

direction at DS5-A. The maximum wind speed observed is 22.54 m/s on 24 September

1997 at DS5-A followed by 20.05m/s on 26 September at DS4-A location (Fig. 5.3).

The DS4-B buoy was on the right side and DS5-A buoy was on the left side of the track

during the passage of cyclones in November 1998. DS4-B buoy exhibited two complete

clockwise circles, whereas that of DS5-A exhibited an anticlockwise rotation during the

first cyclone in November. The DS5-A observations are not available during the second
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cyclone in November 1998. An interesting feature is the period of rotation at DS4-B, ~6

days during the first cyclone and ~4 days during the second cyclone. The DS4-B buoy

was located far away from the cyclone track during the first cyclone and was nearer to the

track during the second cyclone, which contributed to the variable period of rotation. The

cyclone intensified to cy-1 near DS4-B buoy location which resulted in complete circular

rotation. It may be noted that the passage of first cyclone did not produce any significant

increase in wind speed. The wind speed reached a maximum of 17.96m/s at DS4-B

during the second cyclone in November 1998.
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Fig. 5.3: Surface wind observations during the passage of various cyclones in BoB
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The DS3-A buoy was located on the left side of the track and exhibited anticlockwise

rotation during the cyclones in October 1999. The buoy was closer to the track during the

first cyclone and displayed an incomplete rotation and a complete anticlockwise rotation

during the second cyclone. The differential intensity (TS and cy-2 during first and second

cyclone respectively) near the buoy location could be the reason for the variable response

in wind direction. The buoy observation indicates only slight increase in wind speed

during  the  passage  of  cyclones.  Even  though the  peaks  are  comparable,  the  duration  of

high wind speed is longer during the passage of second cyclone at this location (Fig. 5.3).

Wind observations are available at five buoy locations (DS3-B, DS5-B, MB11, MB12

and OB8) during the cyclone in May 2003. The buoy DS3-B was on the right side of the

track and the other buoys were on the left side of the track. The wind direction at DS3-B

exhibited clockwise rotation and that at OB8 and DS5-B exhibited anticlockwise rotation.

The data buoys MB11 and MB12 initially exhibited clockwise rotation and later,

anticlockwise rotation. The change in cyclone track (initially towards northwest and then

later towards northeast) resulted in change in relative positions of the buoys and variable

response to wind rotation. The wind observations did not exhibit much change in

magnitude except for the slight increase during the cyclone passage (Fig. 5.3). The buoys

MB11 and DS3-B exhibited higher wind speed for a longer period. The maximum wind

speed observed was 17.58m/s at MB11 location, 17.07m/s at MB12 location and

16.69m/s at DS3-B location.

All buoys (DS5-B, MB10, MB12 and OB8) were located at considerable distances on the

left side of the track during the passage of cyclone in April 2006 and hence exhibited

lower responses (Fig.5.3). The wind observations displayed moderate wind throughout

the reporting period with slight increase during cyclone passage. Anticlockwise rotation

in wind direction is observed only at MB12 location.
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5.6 Wave Observations

The immediate response to cyclone wind forcing at ocean surfaces is seen as an increase

in wave height. Similar to that of wind, the asymmetry on either side of the track is well

depicted in wave observations. However a complete rotation was observed only at DS4-B

during the second cyclone of November 1998, which was located very close to the track

on the right side. Significant increase in wave height was also observed during the

passage of all cyclones at all locations.

The data buoys (DS3-A, DS4-A and DS5-A) show the rapid increase in wave height

coinciding with the cyclone passage in September 1997 (Fig.5.4). Even though the wind

forcing  was  stronger,  the  wave  height  observed  at  DS5-A  (4.22m)  is  less  than  that  at

DS4-A (6.25m). Similarly, DS3-A location exhibited comparatively higher wave height

even in the absence of strong wind forcing. The variable response in wave height

indicates the importance of relative location of the buoys on either side of the track. The

wave direction at DS3-A and DS4-A did not exhibit any significant fluctuations during

the passage of the cyclone. There was an anticlockwise rotation in wave direction at

DS5-A site which indicates the resonance with wind direction. The average wave period

after the passage of the cyclone shows waves with higher periodicity, which signifies the

contribution from the swells generated by distant cyclones.

Wave direction at DS4-B site during the passage of November 1998 cyclones exhibits

clockwise rotations. A slight clockwise rotation during the passage of first cyclone is

followed by nearly complete clockwise rotation during the second cyclone. The rotation

in wave direction continued after the passage of cyclones as semicircular between 0 to

180 degrees. The DS5-A buoy on the left side of the track exhibited anticlockwise

rotation during the passage of the first cyclone. The DS4-B site exhibited significant

increase in wave height reaching a maximum of 4.53m on 21 November whereas DS5-A

wave height remained as such. The wave period observations showed nearly uniform

variation at both locations.
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Fig. 5.4: Wave observations during the passage of various cyclones in BoB

DS3-A and DS4-B buoys recorded wave observations during the passage of cyclones in

October 1999. During the first cyclone, DS3-A does not exhibit any significant change in

wave height whereas DS4-B exhibited swift increase to a maximum of 3.63m.

Inadvertently, wave direction was not available at DS3-A location. During the occurrence

of the second cyclone, there was a sharp increase in wave height at both locations. The

DS4-B buoy recorded 8.44m on 28 October 1999, which is the highest deep ocean wave

height observed in the North Indian Ocean, as on date (Rajesh et al., 2005). DS4-B

exhibited a slight clockwise rotation during the passage of first cyclone followed by an

anticlockwise rotation during the second cyclone. At this instance, even though the
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DS4-B buoy was very close to track during the second cyclone, the position being on the

left side, resulted in an incomplete rotation.  The wave period exhibited nearly uniform

variation at both the buoy locations. The sharp decrease in wave period indicates the

dominance of sea waves during the passage of cyclones.

The wave observations exhibited a slight increase in wave height during the passage of

cyclone in May 2003 (Fig. 5.4). The DS3-B buoy had recorded two peaks in wave height

of 4.5m and 4.65m on 12 and 17 May 2003, respectively.  The buoy DS3-B on the right

side of the track exhibited a slight clockwise rotation. The DS5-B and OB8 buoys on the

left side of the track exhibited slight anticlockwise rotation whereas the MB12 buoy on

the left side of the track did not indicate any significant change in wave direction.

The wave observations exhibited calm sea conditions except a slight peak of wave height

not more than 3m during the cyclone in April 2006. The wave direction remained nearly

southwesterly at all locations except the mild anticlockwise rotation at MB12 during the

passage of cyclone (Fig. 5.4).

5.6.1 Wave Spectrum

The wave spectral data is available during May 2003 (DS3-B and OB8) and April 2006

(DS5-B) which exhibits the variability of wave energy during the cyclone passage

(Fig. 5.5). The rapid increase in wave period around 11 May indicates the passage of

cyclone near the buoy location (Young, 2003). The presence of single peaked spectra for

a longer duration separated by a short duration of double peaks at DS3-B clearly indicates

that the location is under the influence of cyclone for a longer period. The spectra then

exhibits double peak from 20 May till the end of month, May 2003. The first peak in

swell region is centered on 0.05Hz and the second peak in sea band slowly varies from

0.1Hz to 0.15Hz and then returns to 0.1Hz by the end of May. During the occurrence of

double peaks, the major peak is in the sea band, which indicates the dominance of local

wind.
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Fig. 5.5: Wave spectra during the passage of May 2003 [DS3-B(top), OB8(Middle)] and

April 2006 [DS5-B(Bottom)] cyclones in BoB
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Wave spectra at OB8 also exhibit the impact of cyclone passage during May 2003

(Fig. 5.5). OB8 also exhibits single peaked spectra at lower frequencies at the beginning

of May 2003, which indicates the dominance of long swells at the location. The spectra

then exhibit double peaks during the days 03 - 06 May, followed by single peaks at

higher frequency. The sudden shift from high frequency to lower frequency single peak

spectra during 09 May 2003 indicates the presence of the swells reaching the location

from a distant storm. Unlike the DS3-B, the cyclone passage is indicated by single peaks

in swell region.  The location of the buoy far away from the cyclone track is the reason

for the less dominance of single peak at higher frequencies during cyclone passage.  The

spectral peak then exhibits a gradual shift from 0.07Hz to 0.15Hz and this continues upto

05 June, 2003.  The spectra also exhibits occasional double peak from 22 May to 05 June

with major peaks in the sea band and with lesser contribution from swell waves. The

spectra, thereafter, from 05 June onwards exhibit distinct double peaks with significant

contribution from both the bands.

Wave spectra at DS5-B exhibits pre-cyclonic single peaks (0.07Hz) followed by double

peaks for a short period and again single peaks in higher frequency (~0.12Hz) during 20

to 30 April 2006.  The single peaks immediately after the passage of cyclone exhibit wide

spectra with peaks shifting between 0.05Hz and 0.15Hz indicate the contribution from

both sea and swells. The spectra then exhibit double peaks during 07-22 May indicating

the presence of swells generated by a distant cyclone. An interesting feature is that the

buoy exhibits swell dominated double peaks for a significant period of time followed by

sea dominated double peaks (Fig. 5.5). It indicates the importance of swells from the

distant cyclone at this location for a longer duration.

5.7 Surface Current Observations

The surface current observations at the buoy locations do exhibit interesting features. The

data buoy DS4-A exhibits clockwise rotation in current direction followed by rapid

increase in current speed after the passage of cyclone in September 1997 (Fig. 5.6). The

DS4-A buoy recorded a maximum of 148.8 cm/s on 26 September 1997. The oscillation
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exhibit  a  periodicity  of  ~36  hour  which  matches  the  inertial  period  of  the  location  and

lasted for ~20 days. DS5-A also recorded a clockwise rotation in current direction which

resumed as eastward flow immediately after one cycle of rotation. DS3-A buoy does not

exhibit any significant change in current speed/direction during the cyclone passage.
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Fig. 5.6: Surface current observations during the passage of various cyclones in BoB

Surface current observations are available only at DS4-B location during the cyclones in

November 1998, which exhibits clockwise rotation associated with the passage of the

second cyclone (Fig. 5.6). The clockwise rotation exhibited only two complete cycles and

weakened immediately after the cyclone passage. The current speed remains more or less

uniform with an average speed of 45cm/s. The wind direction exhibits complete

clockwise  rotation  during  both  the  cyclones,  which  indicates  strong  resonance  between
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wind and current. However the wind speed observed at this location is comparatively

weak during November 1998 cyclones (12.53m/s and 17.96m/s respectively).

The surface current observations are available only at DS3-A location during the passage

of cyclones in October 1999, which exhibits moderate values including the prevalence of

the cyclone. The current speed was around 50cm/s before the cyclone passage which

reduced to an average of 25cm/s after the passage of first distant cyclone and continued

till the end of observation (Fig.5.6). The first cyclone does not generate any significant

change in current direction. During the passage of the second cyclone, the current

direction exhibited a clockwise rotation. The surface current observations are available

only at DS3-B buoy during the cyclone in May 2003, without any significant change in

current speed. The current direction exhibited clockwise rotation associated with cyclone

passage in May 2003.

Clockwise rotation in current direction is observed during passage of cyclones in BoB,

which indicates the inertial oscillation generated by the cyclone. Detailed analysis of

current vectors is carried out to delineate the properties of inertial oscillation. Significant

oscillation in current vectors is observed only at DS4-A location during September 1997,

which lasted for more than a week with nearly equal eastward and northward components

(Fig. 5.7). A phase lag in eastward component behind northward component signifies the

clockwise rotation. The current vectors at DS3-A do not exhibit any oscillation and that

of DS5A exhibit a slight oscillation only.
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Fig. 5.7: Surface current vectors during the passage of various cyclones in BoB

The current vectors during November 1998 exhibit a weak oscillation at DS4-B location.

Even though the wind forcing and the relative location of the buoy were most favorable

for generating inertial oscillation, the absence of strong wind and currents inhibit the

generation of significantly long lasting inertial oscillation. The current vectors during

October 1999 and May 2003 exhibit weak oscillations too.

5.7.1 Progressive Vector Diagram

The Progressive Vector Diagrams (PVD) indicate the mean flow in surface current during

the passage of cyclone. PVD of DS4-A during September 1997 exhibit clockwise rotation

with mean flow towards northeast. The PVD displays well defined seven circles with

decreasing  radius,  which  reveals  the  transient  nature  of  the  oscillation.  The  inertial

oscillation started on 25 September 1997 was noticed upto 19 October 1997 (Fig. 5.8).
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The observed inertial period is 36 hours whereas the computed inertial period for the

same latitude was 36.75 hours. The observed radius of oscillation corresponding to the

highest current speed is ~25.00km where as the computed radius is 31.33km at DS4-A

location. PVD at DS5-A exhibited a single clockwise rotation during September 1997.

Even though the track was very close to the buoy, the location on the left side of the track

along with lesser intensity of the cyclone is attributed as a reason for lesser response at

DS5-A. The DS3-A buoy was quite far away from the track and hence the PVD exhibited

southeastward flow without any significant change associated with cyclone.

PVD at DS4-B during the first cyclone in November 1998 exhibits east-northeast flow

without any oscillation. However the surface current during the second cyclone is

towards north with semicircular clockwise rotation. The buoy was on the right side of the

track during the two cyclone passages and was very close to the track during the second

cyclone in November 1998. The cyclone intensified into category one (cy-1) with

clockwise rotation in wind direction.
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Fig. 5.8: Progressive vector diagram of surface current during the passage of various

cyclones in BoB
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The buoy DS3-A was on the left side at a considerable distance from the cyclone tracks

during the passage of cyclones in October 1999. The PVD during the first cyclone

exhibited steady northeastward flow without any inertial oscillation. However the PVD

during the second cyclone (Orissa super cyclone) exhibited peculiar feature(s) which

moved east - southeast and then turned to move towards the opposite direction. PVD

exhibited slight clockwise rotation with a mean southerly flow. The location being on the

left side and the large distance from the track could be the reason for lesser response at

this location.

PVD at DS3-B exhibited an initial mean flow towards southwest and also displayed a

clockwise circle during May 2003. The mean flow exhibited sudden shift in direction

from southwest to southeast with slight clockwise rotation. The change in mean direction

resulted from the change in cyclone track which passed closer to the buoy twice during

its course in May 2003.

5.7.2 Rotary Spectrum

The rotary spectra during the passage of various cyclones indicate the intensity and

variability of inertial oscillation at different locations (Fig. 5.9). The rotary spectrum

analysis exhibited significant peak at the inertial band in the negative rotary component

(S-) with marginal difference between the positive and negative components, except at

DS5-A during September 1997. The rotary coefficient, which indicates the strength of the

inertial oscillation at the time of inertial peak, is negative with high magnitude and a

phase difference of ~90degree, which indicates that the inertial oscillation observed at the

buoy site is nearly circular in clockwise direction.

Strong inertial oscillation is observed at DS4-A location during September 1997 as

indicated by the peak at 36hr (very close to local inertial period of 36.75hr) with high

energy. DS3-A exhibits peak at 45hr whereas the local inertial period is 53.25hr. DS3-A

and DS4-A exhibit peak at inertial band with blue shift whereas no peak is observed at

DS5-A near inertial band.
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Fig. 5.9: Rotary spectra of surface current during the passage of various cyclones in BoB.

The vertical line indicate the local inertial frequency

The rotary spectra during the cyclones in November 1998 exhibited distinct peaks at

inertial band. The inertial peak during the first cyclone in November 1998 displays a

narrow peak with significant energy at 40.5hr, whereas that of second cyclone exhibits a

wider peak at 36hr corresponding to a local inertial period of 36.75hr. The energy in the

second cyclone is higher and the shift is less which indicates higher inertial oscillation.

The wider peak signifies the distribution of energy over a band around the inertial

frequency.

The rotary spectra during the cyclones in October 1999 exhibited peaks at 54hr (October

1999a) and 53.33hr (October 1999b) very close to the local inertial period of 53.25hr

with a slight red shift. However the inertial peak during the second cyclone exhibits

higher energy than that of first cyclone. May 2003 cyclone exhibits dominant peak at

48.10hr against local inertial period of 56.91hr which indicates considerable blue shift.
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Table 5.2: Inertial characteristics observed during cyclone passages

Period Location

Phase
Diff. at
Inertial
Peak

Rotary
Coefft

Percentage
of Energy

Local
Inertial
Period
(hour)

Observed
Inertial
Period
(hour)

Shift
(hour)

Sep '97 DS3-A 91.48 -0.999 10.10 53.25 45 -8.25 (Blue)

Sep '97 DS4-A 94.17 -0.995 52.40 36.75 36 -0.75 (Blue)

Sep '97 DS5-A 107.72 -0.574 2.16 43.43 -- --

Nov '98a DS4-B 124.96 -0.800 14.91 36.75 40.5 +3.75 (Red)

Nov '98b DS4-B 81.37 -0.986 57.05 36.75 36 -0.75 (Blue)

Oct '99a DS3-A 91.70 -0.999 12.35 53.25 54 +0.75 (Red)

Oct '99b DS3-A 92.24 -0.980 17.55 53.25 53.33 +0.08 (Red)

May '03 DS3-B 86.14 -0.948 29.53 56.91 48.1 -8.81(Blue)

The high energy at DS4-A during September 1997 accounts for more than 50% of the

total energy (Table 5.2). Even though the November 1998b accounts for the highest

energy, the wider peak at inertial band indicates the distribution over a wider range

whereas that of September 1997 is concentrated in the inertial frequency alone. The

distribution of energy during May 2003 also accounts for considerable contribution from

inertial band. Near circular clockwise rotations are indicated by the ~90 degree phase

difference and ~ -0.99 rotary coefficient. The maximum transfer of energy is observed at

DS3-A during the second cyclone in October 1999 as indicated by the minimum

difference between observed and local inertial frequency (Gonella, 1971). The cyclones

during October 1999a, September 1997 and November 1998b also accounts for higher

transfer of momentum. The shift in inertial frequency could be due to presence of mean

flow pattern which leads to [Doppler] shift in inertial frequency (White, 1972). The

considerable blue shift observed at DS3-A during September 1997 and DS3-B during

May 2003 could be due to the mean southeastward flow prevailing at that location. The

dissipation of inertial oscillation energy by turbulent mixing downward from the surface

layer is another reason for lowering of inertial frequency (Pollard, 1970) observed at

buoy locations.
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5.8 Variability in Temperature and Salinity

The variability in mixed layer characteristics are considered as one of the most important

indicator(s) of the oceanic response associated with cyclone passage. The thermohaline

variability inferred from moored buoys, ARGO floats and TMI-SST is utilized to

quantify the mixed layer response.

5.8.1 Sea Surface Temperature

The sea surface temperature variation during any cyclone passage depicts the response of

the upper ocean to the cyclone. Rapid decrease in SST associated with cyclone passage

with significant reduction in diurnal oscillation indicates significant mixing forced by

strong cyclonic winds over the ocean surface.

The pre-cyclonic SST at DS4-A is much higher than that of other locations and exhibited

maximum decrease during the passage of cyclone in September 1997 (Fig. 5.10). Price

(1981) reported that the cyclone generated strong mixed layer currents leads to strong

entrainment and high response in mixed layer and SST. Dickey et al. (1998) reported that

the inertial oscillation is accompanied by large-amplitude temperature oscillations at

inertial period leading to vertical displacements of isotherms in the mixed layer which

results in enhanced mixing and cooling. The combined effect of cyclone and strong

inertial oscillation resulted in the abrupt decrease of 2.25oC at DS4-A. Higher wind speed

observed at DS5-A site had recorded a decrease of 1.07oC only in SST. This emphasizes

the role of relative location and proximity to the cyclone track in upper ocean response.

Large diurnal oscillations are observed in SST just before the cyclone passage. SST

almost regained the pre-cyclonic conditions within a period of 10 days at DS3-A and

DS5-A, whereas the DS4-A remained cooler as a consequence of larger reduction in SST.

The pre-cyclone SST at SW6 exhibits much low values (~27oC) and it exhibited a slight

decrease of ~0.5oC. However the SST at all locations including SW6 attains near

homogenous values (inside one degree), spread over a wide oceanic area, within one

week of the cyclone. It reveals nearly uniform SST near the track after cyclone passage.
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Only DS4-A buoy has salinity observation reported, exhibiting a pre-cyclonic value of

< 27psu. The salinity exhibited a swift increase of 4.0psu which mirrors the decrease in

SST  associated  with  cyclone  passage.  The  significant  increase  in  salinity  shows  the

intensity of the cyclone as well as the difference in salinity between the surface layer and

the high salinity sub-surface layer. This supports the presence of thin barrier layer with

low salinity in BoB (Vinayachandran, et al., 2002). The high salinity remained in the

location for a longer period.
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Fig. 5.10: SST and Salinity observations during the passage of various cyclones in BoB

The SST observations during cyclone in November 1998 did not exhibit any significant

variation. The SST at DS4-B remains nearly the same (29.3oC) throughout the reporting

period (Fig. 5.10). DS5-A exhibited a slight decrease on 17 November 1998. It is

intriguing to note that there is very little response in SST associated with cyclone passage

at these locations.
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The SST observations are available only at DS3-B during the cyclones in October 1999,

which did not exhibit much variation except for the reduction in diurnal oscillation during

the passage of cyclones. The location of the buoy, far away, on the left side of the track is

the reason for low upper ocean response.

The  SST observations  showed large  diurnal  variation  (except  at  DS5-B)  just  before  the

passage of the cyclone in May 2003 (Fig. 5.10). There was a sharp decrease in SST at all

locations with maximum decrease at DS3-B location associated with the passage of

cyclone. Lowest pre-cyclonic SST and minimum cooling was observed at DS5-B

location. DS3-B exhibited highest SST before the cyclone passage and was located on the

right side of the track and exhibited a maximum cooling of 2.25oC at the buoy location.

The SST observations are available only at MB10 location during the passage of cyclone

in April 2006, which exhibited large pre-cyclonic diurnal oscillations. There was

considerable reduction in the diurnal oscillation after the cyclone passage (Fig. 5.10). The

location did not exhibit any significant reduction in SST and retained an average value of

30oC. The large distances from the cyclone track could be the reason for such mild

response at this location.

5.8.2 Subsurface variability in temperature and salinity

The subsurface response in temperature and salinity was studied utilizing the data from

temperature profiles in moored buoys (September 1997) and ARGO floats in BoB (May

2003 and April 2006) during the passage of cyclones. The temperature profile upto a

depth of 120m is available at DS3-A and DS5-A locations during the passage of

September 1997 cyclone. Data from three floats each during May 2003 and April 2006

cyclones, all located on the left side of the track, exhibited wide variability in temporal

and spatial scales.

5.8.2.1 Moored buoy observations

The temperature profiles during September 1997 cyclone indicates cooling of surface

temperature and deepening of the mixed layer associated with the passage of cyclone
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(Fig. 5.11). The maximum SST before the cyclone passage was 29oC at both the locations

which reduced to 28.5oC after the cyclone passage. The DS3-A location regained pre-

cyclonic SST whereas the DS5-A location exhibited a warming trend reaching a

maximum of 30oC within 20 days of cyclone passage. The MLD before the cyclone

passage was 40m at DS3-A and 30m at DS5-A locations which deepened to 60m at

DS3-A  and  50m  at  DS5-A  locations.  Similar  to  that  of  MLD,  the  26oC isotherm also

exhibits deepening by 20m at DS3-A and DS5-A locations. The upward trend in

isotherms observed at DS3-A location after the cyclone passage indicate presence of

upwelling.

Fig. 5.11: Vertical distribution of temperature at two buoy locations (DS3-A and DS5-A)

during the passage of September 1997 cyclone in BoB

The spectral analysis of temperature profiles at DS3-A and DS5-A during September

1997 does not exhibit any significant oscillation in the inertial frequency (Fig. 5.12). The

location  of  DS3-A  buoy,  far  away  from  the  cyclone  track  could  be  the  reason  for  the

absence  of  inertial  oscillation  at  this  location.  Even  though  the  DS5-A  is  closer  to  the
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track, the location being on the left side of the track and the low intensity of the cyclone

has attributed to the absence of inertial oscillation.
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Fig. 5.12: The power spectrum of temperature profiles (DS3-A and DS5-A) during the

cyclone in September 1997. The vertical line indicates the local inertial frequency

5.8.2.2 ARGO float observations

The temperature-salinity profiles exhibit presence of warm low saline water just before

the passage of cyclone at all sites (Fig. 5.13) during May 2003 and April 2006. The

pre-cyclonic temperature field exhibited an increasing trend throughout the layer as

shown by the downward slope of the contours during the cyclone in May 2003

(Fig. 5.14). The SST was more than 30oC at all locations before the passage of cyclone

that cooled the waters by 0.6oC at float- 2900093, 0.8oC at 2900094 and a maximum of

1.1oC at 2900226. The mixed layer depth before the passage of cyclone was 40m, which

exhibits mild deepening after the cyclone passage. The upwelling associated with the

cyclone passage is well observed from the upward slope in isotherms.
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Fig. 5.13: Cyclone tracks and Argo float trajectories during May’03 and April’06 cyclones

The locations 4900671 and 4900672 exhibited comparatively less deepening of mixed

layer during the cyclone passage in April 2006 followed by upward slope in isotherms

indicating the upwelling (Fig. 5.14). The temperature profile at 4900673 exhibited a

warming phase throughout the observational period. The large distance from the track

could be the reason for lesser response at this location.

The vertical distribution of salinity during the cyclone in May 2003 exhibited variability

upto a depth of ~100m, below which the salinity values remained nearly uniform

(Fig. 5.14). Salinity was increasing rapidly just before the cyclone passage at all locations

and immediately dropped after the cyclone passage. Minimum surface salinity of

33.26psu was observed at 2900093 and 2900226, whereas the corresponding minimum at

2900094 was 33.20psu along the track. The locations 2900226 recorded a reduction of

only 0.4psu in surface salinity during the cyclone passage whereas 2900094 and 2900093

recorded a reduction of 0.6 to 0.8psu associated with cyclone passage. The salinity values

remain uniform upto a depth of 40m during cyclone passage at all locations, which

indicate the intensity of vertical mixing. The location of 2900093 exhibited large

oscillation in surface salinity whereas that at 2900226 is nearly stable especially after the

passage of cyclone. The surface salinity at 2900093 regained high salinity values by the

end of May and thereafter reduced to 33.20psu in another 5 days.
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Another interesting feature noteworthy in the temperature and salinity profiles is the

presence of eddies, especially at 2900093 indicated by the alternate bands of high saline

warmer water and low saline cooler water.

Fig. 5.14: Vertical Distribution of Temperature (top panel) and Salinity (bottom panel)

from Argo Floats during the passage of BoB cyclones in May 2003 (left panel) and in

April 2006 (right panel)

Presence of low surface salinity was observed with a minimum value of 31.8psu at

4900672 and 4900673 locations before April 2006 cyclone (Fig. 5.14). The mixing of

less saline surface waters with deeper high saline water was observed at all locations

associated with cyclone passage. The increase in salinity at 4900671 location is much less

compared to that of other locations and returns back to the pre-cyclonic condition

immediately after the passage of the cyclone. There was substantial increase (by more

than 1psu) in salinity values during the passage of cyclone at 4900672 and 4900673. The

high salinity at 4900673 sustained for a longer duration which coincided with an increase

in temperature values.
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5.8.3 Spatial and temporal variability in SST

TMI-SST at the location of maximum intensity is retrieved for a period of 30 days

starting from 10 days before the day of maximum intensity (Table 5.3). The data is

extracted over a longitudinal band of 7.5degree with 2.5degree on the left side and

5.0degree on the right side of the location of maximum intensity. Unlike the cyclones in

AS, some cyclones (November 1998a, October 1999a, October 1999b and April 2006)

attained maximum intensity just before landfall and made it difficult to extract the exact

longitudinal band on either side of the location of maximum intensity. Hence an

appropriate, longitudinal band is extracted to depict the variability in TMI-SST. The

Hovmöller diagrams of SST exhibited the temporal (and spatial) cooling features and its

variability associated with the passage of cyclones.

Table 5.3: TMI data extraction details during cyclones in BoB

Sl.
No. Type Starting date of

TMI-SST
Max.
Wind

Location of Max. Intensity
Longitude(oE) Latitude(oN)

1. Cy-2 05 November 1998 85 kt 82.7 17.8

2. Cy-1 12 November 1998 75 kt 87.7 19.7

3. Cy-4 08 October 1999 120 kt 85.3 17.7

4. Cy-5 19 October 1999 140 kt 87.2 19.1

5. TS 05 May 2003 35 kt 86.2 14.4

6. Cy-4 22 April 2006 115 kt 93.3 16.3

Maximum drop of ~1.5oC in SST was observed during the passage of the first cyclone in

November 1998. Since the cyclone had attained the maximum intensity just before land

fall, maximum cooling occurred in shallow waters (84.5oE), near the coast. The temporal

and spatial coverage of the cooling was relatively less (Fig. 5.15). The passage of second

cyclone in November 1998 also did not exhibit any significant drop in SST. The

TMI-SST is at par with buoy observations which exhibited less impact(s) on SST.
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Considering the higher intensity of cyclones during October 1999, the spatial and

temporal coverage of the cooling features is comparatively low. The cooling observed

after the passage of the first cyclone is 3.45oC centred around 85.5oE  at  a  distance  of

22km on the right side of the track. The cooling lasted for ~7 days over a narrow spatial

band. The maximum cooling produced by the second cyclone is 4.05oC, centred around

88.0oE on the right side of the track and also at 86.0oE at left side of the track. Mahapatra

et al. (2007) also reported regions of maximum surface cooling on the left of the cyclone

track  during  Orissa  Super  Cyclone.  The  cyclone  re-emerged  into  ocean  waters  after

landfall, progressively moved southwards and finally dissipated over the open ocean.

This could have added impacts on surface cooling, reflected on left side of the track. This

cooling lasted for 5 days over a narrow spatial band.

             a                      b                      c                     d                     e                  f

Fig. 5.15: TMI-SST during the passage of various cyclones in BoB: a) November 1998a, b)

November 1998b, c) October 1999a, d) October 1999b, e)May 2003 and f) April 2006 cyclones

The pre-cyclone SST related to the first cyclone (October 1999a) was 30.15oC whereas

that of second cyclone (October 1999b) was 29.10oC.  The  cooling  associated  with  the

first cyclone considerably reduced the pre-cyclone SST of the second cyclone which

could be the reason for the lower cooling in SST during the more intense second cyclone.

However Sadhuram (2004) had reported ~6oC  fall  in  SST  in  Bay  of  Bengal  after  the

passage of Orissa Super Cyclone (October 1999b).
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The maximum cooling during the cyclone of May 2003 was 3.3oC, observed at 90oE

followed by cooling of 2.5oC around 86.25oE. The cooling lasted for more than a week.

Even though the system could not intensify beyond tropical storm, the associated cooling

appears significant. The cooling at 86.25oE indicates the less rightward bias in surface

cooling associated with low cyclone translation speed. The significant cooling at 90oE

could be due to the curved cyclone track keeping the area under cyclone forcing for a

longer duration.

The maximum cooling was 3.3oC observed, at the right side of the cyclone track during

the cyclone in April 2006 and this feature lasted for less than a week (Fig. 5.15). The

system attained maximum intensity near the coast where relevant data is not available.

Hence the exact nature of cooling could not be estimated from the satellite data.

5.9 Results and discussion

The upper ocean response to cyclones in BoB exhibits significant variability which

depends on the distinctiveness of the cyclone, the time of occurrence and ocean mixed

layer characteristics. The data buoy observations have helped to indicate the severity of

the cyclone in terms of a drop in SLP and increase in wind speed. Maximum drop in SLP

of more than 10mb within a day was observed during the passage of September 1997

cyclone, which recorded a minimum of 994.9mb and 995.7mb at locations DS5-A and

DS4-A respectively. The maximum drop in SLP corresponds to highest wind speeds of

22.54m/s at DS5-A followed by 20.05m/s at DS4-A locations. The buoy DS5-A was on

the left side of the track but closer than that of the DS4-A buoy, which happened to be on

the right side of the track. The cyclone was initially category TD near DS5-A and later

intensified to category TS near DS4-A location. The high wind speed generated by a TD

at a location on the left side of the track is intriguing and this indicates significant

atmospheric  forcing,  even  on  the  left  side  of  the  track,  as  well.   However  the  weak

coupling between wind and currents on the left side resulted in a lower ocean response at

this location. The clockwise rotation in wind at DS4-A location is in resonance with the

clockwise rotation of the surface current which leads to higher momentum exchange as
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evidenced by the higher current speed(s) and a reduction in SST. However, the rotation in

wave direction was observed only at DS5-A, which reveals that the coupling between

wind and  wave  in  a  cyclone  field  exists  only  over  a  short  radius  on  the  left  side  of  the

track. The SST values before the passage of a cyclone exhibits significant variability in

BoB, which became nearly equal at all locations. This indicates significant mixing which

leads to nearly uniform SST near the track after the cyclone passage.

The SLP attained a minimum of 998.63mb (at DS4-B) corresponding to a maximum

wind speed of 17.96m/s during a second cyclone in November 1998. Even though the

system was developed to category ‘cy-1’ near DS4-B, located very close to the track on

the right side, the surface meteorological-ocean observations exhibited lower response

compared to that of September 1997 cyclone. The wind direction exhibited complete

clockwise rotations during both the cyclones of November 1998 which favored strong

coupling between wind and the current. However the surface current observations

exhibited a lesser amplitude and a weak inertial oscillation, lasting for a shorter duration

than that of September 1997 cyclone.

Among the cyclones discussed in this chapter, highest intensity of cy-5 was recorded in

respect of Orissa Super cyclone (October 1999b) followed by the cy-4 cyclones of April

2006 and October 1999a. Ocean data (except wave) related to the passage of all these

cyclones are limited by the unavailability of nearby buoy observations, specifically on the

right side of the track. Only wave observations are available at DS4-B location during the

passage of cyclones in October 1999b, which recorded the severity of the cyclone giving

rise to wave heights of 8.44m and a complete anticlockwise rotation.

Similar to that of AS, the wind and wave observations are in resonance in BoB and

exhibit asymmetric pattern on either side of the track, as indicated in September 1997

(DS5-A), November 1998 (DS5-A and DS4-A), October 1999 (DS4-B), May 2003

(DS3-B, DS5-B, OB8 and MB12) and April 2006 (MB12). However, the rotation in

wave direction was limited over a shorter radius of the cyclone and exhibited complete

circles which were very close to the track (DS5-A in September 1997, DS4-B in
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November 1998b and DS4-B in October 1999). The DS4-B exhibited peculiar oscillation

in wave direction associated with the passage of the second cyclone in November 1998.

The wave spectra during May 2003 and April 2006 clearly exhibited the change in

spectral energy distribution during the passage of cyclones. The double peaks after the

passage of cyclone indicates the swell generated from the distant cyclone. The presence

of swell dominated double peaks at DS3-B and DS5-B after the cyclone passage indicates

the impact of cyclone for a longer duration.

Surface current observations were available only at a few buoy locations, which exhibited

inertial oscillations of varying magnitude and revealed the role of relative location(s) on

either side of the track. The data buoy DS4-A exhibited clockwise rotation in current

direction which lasted for ~20 days and recorded a maximum of 148.8 cm/s during

September 1997. Clockwise rotation was observed during the second cyclone in

November 1998 but with lesser magnitude and shorter duration. The absence of strong

inertial oscillation during November 1998 even with a strong resonance with wind

(indicated by clockwise rotation) could be due to the weaker wind speed. The surface

current observations were available only at DS3-A location during the passage of

cyclones in October 1999, which exhibited moderate values (~35cm/s). The current

direction exhibited a clockwise rotation during the second cyclone in October 1999. The

surface current observations were available only at DS3-B buoy during the cyclone in

May 2003, without any significant change in current speed and a slight clockwise rotation

in current direction.

Strong inertial oscillation was observed at DS4-A location during September 1997 as

indicated by PVD and rotary spectral peak at 36hours (very close to local inertial period

of 36.75hr) with high energy (52.4%). The inertial peak during the first cyclone in

November 1998 displays a narrow peak with significant energy at 40.5hr, whereas that of

second cyclone exhibited a wider peak at 36hr corresponding to a local inertial period of

36.75hr. The energy in the second cyclone was higher and the shift was less which

indicates higher inertial oscillation. The rotary spectra during the cyclones in October

1999 exhibited peaks at 54hr (October 1999a) and 53.33hr (October 1999b), very close to
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the local inertial period of 53.25hr. The shift observed in inertial frequency could be due

to the prevailing mean flow conditions and turbulent mixing associated with cyclone

passage (White, 1972).

The SST observations exhibited the cooling associated at specific locations as well as the

spatial extend of cooling. It revealed the importance of relative location and proximity to

cyclone track with higher cooling near right side of the track. The SST observations

exhibited large pre-cyclonic diurnal oscillations followed by considerable reduction in the

diurnal oscillation during and after the cyclone passage. The spatial mixing revealed from

buoy observations associated with September 1997 cyclone is remarkable with its large

spatial  coverage  along  the  eastern  coastal  belt  of  India.  Maximum  reduction  in  SST

(2.25oC) was observed at DS4-A associated with September 1997 cyclone. Meager

response in SST at DS4-B and DS5-A located close to cyclone tracks in November 1998

is intriguing. The SST observations at DS3-B during the cyclones in October 1999, also

did not exhibit much variation owing to its location, far away, on the left side of the track.

DS3-B located  on  the  right  side  of  the  track,  exhibited  highest  SST before  the  cyclone

passage and maximum cooling of 2.25oC during the passage of May 2003 cyclone. The

low cyclone translation speed also contributed to the higher cooling at this location.

The temperature profiles at DS3-A and DS5-A locations exhibited the reduction in SST

and the deepening of mixed layer associated with cyclone passage. The mixed layer depth

exhibited a deepening of 20m (40 to 60m at DS3-A and 30 to 50m at DS5-A) associated

with cyclone passage. The Argo floats exhibited a pre-cyclone warming phase followed

by cooling associated with cyclone passage. A noticeable feature is that the deepening of

mixed layer lasts for a short period and returns to the pre-cyclonic condition rapidly.

Another interesting feature in the temperature and salinity profiles is the presence of

eddies, indicated by the alternate bands of high saline warmer water and low saline cooler

water.

The TMI-SST exhibits the temporal and spatial extent of cooling associated with cyclone

passage. It indicates comparatively lesser cooling than that in AS, even in the case of
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high intensity Orissa Super Cyclone. The spatial and temporal extent of cooling in BoB is

lesser than that of AS. A drop of ~1.5oC in SST was observed during the passage of the

first cyclone in November 1998 whereas that of the second cyclone in November 1998

did not exhibit any significant change in SST. The cooling observed after the passage of

the first cyclone in October 1999 is 3.45oC followed by a cooling of 4.05oC during the

second cyclone. The cooling associated with the first cyclone considerably reduced the

pre-cyclone SST of the second cyclone which could be the reason for the lower cooling

in SST during the more intense second cyclone. The maximum cooling during the lesser

intensity (TS) slow moving (1.88m/s) cyclone in May 2003 and that of high intensity,

moderate speed (4.38m/s) cyclone (Cy-4) in April 2006 was 3.3oC. This reveals the

importance of cyclone translation speed in cooling associated with cyclone passage.



 

CHAPTER-VI 

 

Conclusion 

 
 
The studies on the upper ocean responses to atmospheric forcing in the North Indian 

Ocean were intended to understand the responses and its variability during the passage of 

tropical cyclone(s). North Indian Ocean, being the smallest and most dynamic, remains 

the most complex among world oceans. The limited northward extent and changing wind 

patterns further add complexity and thus makes it unique in many oceanographic aspects 

which include the upper ocean responses to cyclones. The present study did reveal 

significant characteristics of the upper ocean response(s) in North Indian Ocean and its 

spatio-temporal variability associated with cyclone passage. 

The cyclones in north Indian Ocean often experience large variability in frequency and 

intensity and exhibit significant variability in responses as well (as detailed in previous 

chapters). Price et.al. (1981) reported that the cyclone intensity and cyclone translation 

speed are the most important parameters, which determine the oceanic response. The 

detailed analysis of the observations gathered during cyclone occurrences revealed 

importance of various parameters, besides features on differential response between AS 

and BoB, the role of cyclone translation speed, asymmetric response in waves etc. The 

present study aims at identifying the controlling parameters that contribute significantly 

to oceanic response. Specifically, the factors studied in detail are intensity of the cyclone, 

proximity to cyclone track, cyclone translation speed and differential response between 

AS and BoB with an emphasis on surface cooling.  
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6.1 Cyclones in the North Indian Ocean 

The characteristics of tropical cyclones in the North Indian Ocean during the period 1997 

to 2006 exhibit higher number of occurrence under the category ‘tropical 

depression/tropical storm’ (68%). A total of 50 systems were reported of which 20 were 

in AS and the remaining in BoB (Table 6.1). The cyclones in AS were less intense, three 

occurrences in highest intensity of category ‘cyclone-3’,  whereas three of the BoB 

cyclones intensified into ‘cyclone-4’ category and one cyclone attained the intensity of 

cyclone-5 during the reporting period. One cyclone under the category ‘cy-2’ was 

observed in BoB followed by 8 ‘cy-1’ cyclones, of which 5 were in BoB and 3 in AS. 

There are no occurrence of cyclones under the category ‘cy-3’ in BoB and ‘cy-2’ in AS.  

Table-6.1: Cyclones observed under various categories during 1997-2006 

Year Trop. Depr & 
Trop. Storm 

Cy-1 Cy-2 Cy-3 Cy-4 Cy-5 Total 

1997 3 (2,1) 1 (1) - - 1 (1) - 5 (2,3) 
1998 3 (3) 3 (1,2) 1 (1) 1 (1)  - 8 (5,3)  
1999 4 (1,3) - - 1 (1) 1 (1) 1 (1) 7 (2,5) 
2000 2 (2) 1 (1) - - - - 3 (3) 
2001 3 (2,1) - - 1 (1) - - 4 (3,1) 
2002 4 (1,3) - - - - - 4 (1,3) 
2003 2 (2) 1 (1) - - - - 3 (1,2) 
2004 3 (3) 1 (1) - - - - 4 (4) 
2005 6 (6) 1 (1)    - 7 (7) 
2006 4 (2,2) - - - 1 (1) - 5 (2,3) 

Total 34 (14,20) 8 (3,5) 1 (1) 3 (3) 3 (3) 1 (1) 50 (20,30) 

Red –AS, Blue- BoB and Black Total 

A maximum of 8 cyclones were observed in the year 1998 followed by 7 in 1999 and 

2005. The years 1998 and 1999 reports the maximum number of high intensity cyclones. 

The year 1999 reports 3 cyclones under the category of cyclone-3 and above. There were 

two cyclone free years (2000 and 2005) for AS and only one year (2004) for BoB. It is 

interesting to note that the absence of cyclones in one region coincided with higher 

occurrence of cyclones in the other region.  
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6.2 Temporal and spatial variability of cyclone frequency 

The cyclone frequency exhibits significant variability in spatial, inter-annual and intra-

annual scale in North Indian Ocean. However there is no significant correlation between 

the inter-annual variability of cyclone frequency between AS and BoB. One striking 

feature is the substantial decrease (71.4%) in the number of cyclones in BoB (from 

average 12.6 to 3.6 in a year) and AS (39.1%) from average 2.3 to 1.4 in a year, after the 

year 1976. The significant transition in atmosphere-ocean climate system during mid 

1970’s could be the reason behind this phenomenon as reported for Pacific and Atlantic 

Oceans.  

The intra-annual variability of tropical cyclones in North Indian Ocean is more prominent 

than the inter-annual variation. The intra-annual variability during 1977 to 2006 differs 

significantly from that of 1947-1976, particularly for BoB which is not as prominent in 

AS. The early records exhibit an active cyclone season in BoB during May to December 

with maximum frequency during post monsoon (September - November). The recent 

decade exhibited a different scenario with two cyclone seasons namely, before and after 

the southwest monsoon, with nearly cyclone free monsoon season. The origin and 

dissipating point(s) of cyclones in North Indian Ocean also reveal large variability in 

space and time. Also significant variability in cyclone genesis is observed before and 

after the year 1976. An interesting feature is the southward shift in originating area 

during the months of January, May and June in BoB and during June in AS.  

The long term SST data at selected points in North Indian Ocean could not reveal any 

radical change since 1976, often distinctly noticed in cyclone frequency. However the 

warming phenomenon at various latitudes are not uniform in either AS or BoB but 

exhibits a decreasing trend towards higher latitudes. The study reports that the drastic 

change in cyclone frequency in Northern Indian Ocean during 1976 is not forced by the 

increase in SST. The recent trend emerging from this study indicates that the variable net 

heat gain, with lower monsoon heat gain at higher latitudes, is likely to affect the cyclone 

formation processes. The long term SLP at selected locations in AS and BoB exhibited 
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considerable increase during mid 1970’s, which could have contributed to the observed 

reduction in cyclone frequency after 1976. 

6.3 Asymmetric response in waves 

The analysis of wave responses during the passage of various cyclones indicates that 

waves are in resonance with cyclonic wind with asymmetric response on either side of 

the track. As indicated from buoy observations in AS and BoB, the wave direction 

exhibited clockwise rotation on right side of the track and anticlockwise rotation on left 

side of the track. However complete circular rotation is observed only on the right side of 

the track, which indicates higher resonance on right side. Similar to that of wind, the 

period of rotation depends on the proximity to the cyclone track, which increases with 

distance from the track. Complete rotation in wave direction was observed at DS1 

location in AS (during December 1998 and May 1999) and at DS4-B location during the 

second cyclone in November 1998 in BoB.   
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Fig.6.1: Wave velocity components during the passage of various cyclones in AS and BoB 
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The analysis of wave velocity components establishes the variable response on either side 

of the track (Fig. 6.1). The clockwise rotation is indicated by the phase lag of northward 

component ahead of eastward component and vice versa. Clockwise rotation during the 

first cyclone in October 1999 and anticlockwise rotation during the second cyclone at the 

same buoy location (DS4-B), signifies the importance of relative location. The successive 

zero crossing (Fig 6.1) indicates the time taken for the rotation which varies with distance 

from the track as observed at DS4-B during October 1999 cyclones.  

The anomalous response in wave direction was observed during May 1999 cyclone and 

the second cyclone in November 1998, where the proximity to cyclone track was 27km in 

AS on the right side and, 102km in BoB again to the right side of the track, respectively. 

It was observed that waves started rotating in a clockwise direction and made several 

cycles similar to of inertial oscillation generated in ocean currents.  
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Fig.6.2: Rotary spectra of wave velocity components during May 1999 cyclone in AS and 

November 1998 cyclones in BoB 

The wave direction exhibited nearly complete circles during May 1999 cyclone and 

semicircles during the second cyclone in November 1998 and lasted for a longer period. 

The period of rotation appears to be shorter in May 1999 and much higher during 

November 1998. The rotary spectral analysis of wave velocity component exhibited 

slight peak in the inertial band during both cyclones (Fig. 6.2). However the major peak 

during May 1999 corresponds to 27.8hr whereas that of November 1998 exhibited 

significant peaks at 159.9hr (weekly oscillation) and at 75.9hr.  
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It can be inferred that waves exhibit significant asymmetry on either side of the track and 

the response is observed at 100’s of kilometers away from the track (DS1 buoy at 309km 

during December 1998 and DS4-B buoy at 497km away during November 1998a).  The 

significant clockwise rotation in wave direction is observed on the right side of the track 

starting from near the track to far away locations. However the anticlockwise rotation in 

wave direction is observed over a shorter distance on the left side of the track and 

dissipates immediately. The response in wave height exhibits a rightward bias with 

maximum response at a few kilometers away from the track. The wave height also 

exhibited strong response near the track on the left side as observed during May 2001 in 

AS and during October 1999b in BoB combined with low cyclone translation speed and 

higher intensity of the cyclone. 

6.4 Factors affecting the oceanic response 

The oceanic response to cyclone passage in AS and BoB exhibits significant spatial and 

temporal variability, which depends on atmospheric and oceanic conditions. The study 

attempts to identify the major factors based on the moored buoy observations and 

TMI-SST, which constitute the major data set utilized for this study.  The oceanic 

response also exhibits significant variability between AS and BoB. The cyclone 

characteristics near the buoy location and the buoy observed maximum responses 

(Table 6.2) reveal the complex nature of oceanic response to cyclones in AS and BoB. 

6.4.1 Intensity of the cyclone 

The intensity of the cyclone is considered as one of the important parameter(s) in 

determining oceanic response. The moored buoy observations and TMI-SST data during 

the passage of various cyclones indicate the significance of cyclone intensity in 

generating varied oceanic responses (Table 6.2).  

The highest intensity experienced at DS1 location in AS is cy-2 during the passage of 

May 2001 cyclone, which accounts for the maximum cooling of 4.4oC, and maximum 

wave height of 7.81m. The lesser intensity tropical storms during December 1998 and 
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June 2004 in AS could produce lesser response.   Similarly the highest intensity cyclone 

in BoB (cy-4 cyclone in October 1999) recorded the highest wave height of 8.44m at 

DS4-B which establishes the role of intensity in oceanic response. The cooling observed 

in TMI-SST again reveals the maximum cooling corresponding to highest intensity 

cyclones in AS and BoB (Table 6.3).  However the differential cooling produced by the 

same intensity cyclones in AS (cy-3 cyclones during June 1998, May 1999 and May 

2001) and in BoB (cy-4 cyclones during October 1999a and April 2006) indicates the role 

of parameters other than cyclone intensity in oceanic response, which are discussed in the 

following sections. 

6.4.2 Relative location and proximity to cyclone track 

The studies on importance of relative location in oceanic response to cyclones (Price, 

1981, Price et al., 1994, Jacob et al., 2000 and Morey et al., 2006) reported rightward 

bias, owing to the asymmetry in wind field. The buoy observations scattered on either 

side of the track at variable distances provided the variability in oceanic response as a 

function of relative location and proximity to cyclone track.  

There were two category cy-1 cyclones in AS during June 1998 and May 1999, in which 

the buoy was located on the right side of the track.  The oceanic response during June 

1998 (+163km) was much higher than May 1999 (+27km) in terms of wave height, 

current speed and cooling (Table 6.2) revealed the lower oceanic response nearly under 

the cyclone track. Among the two cyclones under the category TS cyclones in AS, the 

lesser response at DS1 during  December 1998 than that of June 2004 is attributed to the 

larger distance from the cyclone track.  

The differential response at buoy locations (DS3-A, DS4-B, DS5-A and SW6) during 

September 1997 cyclone in BoB clearly depicts the variable response owing to relative 

location and proximity to track. The higher response at DS4-A buoy (in terms of wave 

height, current speed and cooling) indicates strong response on the right side of the track 

whereas the lesser oceanic response at DS5-A even for higher wind speed, signifies  

weaker resonance on the left side of the track.  



 
 

Chapter VI – Conclusion 

 104

Table 6.2: Cyclone characteristics near the buoy location and the ocean parametric 

response to cyclones in AS and BoB inferred from moored buoy observations 

Cyclone 
Period 

Buoy-
ID 

Cycl. 
Cate
gory 

Dist 
(km) 

Cycl.
Spd 

(m/s) 

SLP 
(mb) 

Wind 
Spd 

(m/s) 

Wave 
Ht (m) 

Cur. 
Spd 

(cm/s) 

Drop 
in SST 

(oC) 
Jun-98 DS1 Cy-1 +163 3.76 997.4 24.64 7.66 130.1 3.27 

Dec-98 DS1 TS +309 5.57 1004.68 17.54 5 NA 0.95 

May-99 DS1 Cy-1 + 27 4.14 NA 35.49 6.41 104.3 1.47 

May-01 DS1 Cy-2 -130 2.77 992.97 23.74 7.81 NA 4.4 

Jun-04 DS1 TS -156 0.87 999.38 22.31 6.72 NA NA 

Sep-97 

SW6 TD -345 0.64 1003.81 NA NA 101.95 1.29 

DS3A TD +349 0.71 1004.69 15.04 4.53 56.25 0.39 

DS4A TS +151 6.1 995.7 20.05 6.25 148.8 2.25 

DS5A TD -35 1.94 994.9 22.54 4.53 98.44 1.07 

Nov-98a 

DS3A TS +26 4.68 NA NA NA NA NA 

DS4B Cy-1 +497 4.14 1004.79 12.53 3.44 78.52 0.49 

DS5A Cy-1 -166 4.78 1004.57 15.04 2.34 NA 0.83 

Nov-98b 

DS3A TS -241 6.58 NA NA NA NA NA 

DS4B Cy-1 +102 4.58 998.63 17.96 4.53 71.42 0.74 

DS5A TS -640 4.44 NA NA NA NA NA 

Oct-99a 
DS3B TS -390 5.46 1001.86 12.53 2.34 92.58 0.14 

DS4B Cy-1 +198 4.7 NA NA 3.63 NA NA 

Oct-99b 
DS3B Cy-2 -554 4.48 1003.47 12.95 3.59 52.73 0.49 

DS4B Cy-4 -78 4.05 NA NA 8.44 NA NA 

May-03 

DS3B TS +204 4.88 999.96 16.69 4.65 56.84 2.25 

DS5B TS -299 2.52 996.97 15.59 4.65 NA 1.23 

OB8 TS -566 2.52 1000.02 15.4 3.56 NA 1.22 

MB11 TS -357 1.55 994.4 17.58 NA NA NA 

MB12 TS -354 4.49 999.14 17.07 4.16 NA NA 

Apr-06 

DS5B Cy-3 -911 2.63 1002.42 11.88 2.34 NA NA 

OB8 TS -879 2.35 1002.54 12.16 2.75 NA NA 

MB10 Cy-1 -520 2.63 1003.77 11.41 NA NA 0.22 

MB12 Cy-3 -473 4.94 NA 11.41 3.05 NA NA 
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The DS4-B buoy was located at 198km on the right side of the track in BoB during the 

first cyclone in October 1999 and was on the left side (78km) during the second cyclone. 

The asymmetric response in wave indicates the importance of proximity to cyclone track.  

The DS3-B buoy located far away from the tracks did not indicate any significant change 

in any of the ocean parameters during both the cyclones that occurred in October 1999. 

Again the lesser response is observed at all buoys located far away (>500km) on the left 

side of the cyclone track during April 2006.  

The buoy based observations on oceanic response on either side of the track reveals the 

proximity dependant variability in various parameters. It is observed that resonance with 

wind generates higher response in surface current, wave and SST on the right side of the 

track and it lasts for a longer duration.  The maximum oceanic response is observed at a 

few kilometers away on right side of the track. However strong response in SST and 

wave is also observed near left side of the track (May 2001 in AS and October 1999b in 

BoB), in which the response is also contributed by the intensity and low cyclone 

translation speed.  

6.4.3 Cyclone translation speed 

The oceanic response to cyclone passage in AS and BoB revealed the importance of 

cyclone translation speed. The June 2004 cyclone belong to the category of TS, but 

generated significant wave height of 6.72m at DS1 locations in AS, which is located at 

156km away on the left side of the track (Table 6.3). The response in wave is comparable 

to that generated by more intense cyclones on the right side of the track and is attributed 

to the lowest cyclone translation speed of 0.87m/s. Similarly higher response at DS1 

location again on the left side of the track during May 2001 with a speed of 2.77m/s 

establishes the role of cyclone translation speed in AS. Again one of the reason behind 

the lower oceanic response during May 1999 cyclone at DS1 located near the track on the 

right side is attributed to the higher cyclone translation speed of 4.14m/s. 

The intensity experienced at all buoy locations are only under category TS and the 

cyclone translation speed is low during May 2003 in BoB. Even though the buoys were 
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located at larger distances (>200km), the impact brought about significant drop of 2.25oC 

in SST and caused a wave height of 4.65m at DS3-B.  

Table 6.3: Surface cooling estimated from moored buoys and TMI-SST during the 

passage of cyclones in AS and BoB 

Cyclone 
Period 

Buoy-
ID 

Cyclone Response at Buoy Location TMI-SST at Max. Cyclone Intensity 

Cycl.
Cate
gory 

Dist 
(km) 

Cycl. 
Spd 
(m/s) 

pre-
SSTmax 
(oC) 

post-
SSTmin 
(oC) 

Drop 
in SST 
(oC) 

Cycl. 
Cate
gory 

Cycl. 
Spd 
(m/s) 

pre-
SSTmax 
(oC) 

post-
SSTmin 
(oC) 

Max. 
Drop 
in SST 
(oC) 

Jun-98 DS1 Cy-1 +163 3.76 31.33 28.06 3.27 Cy-3 4.93 30.9 25.65 5.25
Dec-98 DS1 TS +309 5.57 28.18 27.23 0.95 Cy-1 3.62 27.3 24.9 2.4
May-99 DS1 Cy-1 + 27 4.14 29.96 28.55 1.41 Cy-3 3.59 29.5 24 5.5
May-01 DS1 Cy-2 -130 2.77 30.92 26.52 4.4 Cy-3 2.34 30.3 22.8 7.5
Jun-04 DS1 TS -156 0.87 NA NA NA TS 2.56 29.93 27.68 2.25

Sep-97 

SW6 TD -345 0.64 28.2 26.91 1.29

Cy-1 6.61 -- -- -- 
DS3A TD +349 0.71 29.28 28.89 0.39
DS4A TS +151 6.1 30.74 28.49 2.25
DS5A TD - 35 1.94 29.42 28.35 1.07

Nov-98a 
DS4B CY-1 +497 4.14 29.57 29.08 0.49 Cy-2 5.39 29.4 27.9 1.5 
DS5A CY-1 -166 4.78 29.33 28.5 0.83

Nov-98b DS4B Cy-1 +102 4.58 29.77 29.03 0.74 Cy-1 3.89 29.25 28.65 0.6 

Oct-99a DS3B TS -390 5.46 29.47 29.33 0.14 Cy-4 3.32 30.15 26.7 3.45 

Oct-99b DS3B CY-2 -554 4.48 29.52 29.03 0.49 Cy-5 3.54 29.1 25.05 4.05 

May-03 

DS3B TS +204 4.88 31.04 28.52 2.25
TS 1.88 31.05 27.76 3.3 DS5B TS -299 2.52 29.29 28.06 1.23

OB8 TS -566 2.52 30.57 29.35 1.22
Apr-06 MB10 Cy-1 -520 2.63 30.11 29.89 0.22 Cy-4 4.38 30.6 27.3 3.3 

 
The TMI-SST data during cyclones also exhibited the strong correlation between surface 

cooling and cyclone translation speed (Table 6.3). A maximum cooling of 7.5oC was 

observed after the passage of AS cyclone in May 2001, which is more than that brought 

about by cyclones of same intensity (cy-3) during June 1998 (5.25oC) and May 1999 

(5.5oC). The May 2003 tropical storm in BoB accounted for a considerable cooling of 
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3.3oC, same as that of the cy-4 cyclone during April-2006. The May 2001 (2.34m/s) and 

May 2003 (1.88m/s) cyclones belong to the category of slow moving whereas the May 

1999 (3.59m/s) and April 2006 (4.38m/s) cyclones belong to the category of moderate 

speed cyclones. The maximum cooling observed during May 2001 cyclone is closest to 

the track, which indicates the reduced rightward bias for cyclones with low cyclone 

translation speed. This supports the fact that slow moving cyclones induce higher 

response than that of fast moving cyclones and this reveals that the surface cooling  

depends more on the cyclone translation speed than the intensity in AS and BoB. 

6.4.4 Differential response between AS and BoB 

The surface cooling associated with cyclone passage in AS and BoB exhibited significant 

variability in the degree of cooling and extent (spatial and temporal) of response. 

TMI-SST revealed the striking difference in surface cooling between AS and BoB 

(Fig. 6.3). Even though the pre-cyclonic temperature in BoB during pre-monsoon 

(>30.0oC) and post-monsoon (>28.0oC) are higher than that of AS (>29.0oC and >27.0oC 

respectively), the associated cooling in AS is much higher than that of BoB.  
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Fig.6.3: Cooling observed in TMI-SST during the passage of cyclones in AS and BoB 
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Category cy-3 cyclones in AS produced a cooling of more than 5oC during June 1998 

(5.25oC), May 1999 (5.5oC) and May 2001 (7.5oC) whereas cy-4 cyclones in BoB could 

produce only 3.45oC of cooling during October 1999a and 3.3oC during April 2006. The 

TMI-SST also exhibits significant cooling for a longer duration over a wider longitudinal 

belt in AS whereas the spatial and temporal extent of surface cooling is limited in BoB. 

The occurrence of cyclones in BoB exhibited passage of a cyclone immediately after the 

passage of another cyclone (during November 1998 and October 1999), which is not 

reported in AS. It is also observed that most of the cyclones in BoB attained maximum 

intensity just before land fall whereas that of AS attained maximum intensity in the deep 

ocean (except during June 1998) and made landfall during the dissipating phase. The 

wide spread cooling associated with cyclone passage could be the reason which limits the 

immediate formation of another cyclone in AS.   

6.5 Summary 

The present study on upper ocean responses to atmospheric forcing (associated with 

cyclone passage) in North Indian Ocean revealed significant variability between AS and 

BoB. The analysis of cyclone frequency during 1947 to 2006 exhibited lesser frequency 

of cyclones in AS than that of BoB. The analysis also revealed significant reduction in 

cyclone frequency after the year 1976 with substantial reduction during monsoon season. 

The long term SST data at selected points in AS and BoB could not reveal any relation 

with reduction in cyclone frequency. However the SLP at same locations exhibited 

considerable increase during mid 1970’s, which could have contributed to the observed 

reduction in cyclone frequency after the year 1976. 

The response in waves during cyclone passage exhibited significant asymmetry on either 

side of the track in AS and BoB and the response is observed at 100’s of kilometers away 

from the track. The significant clockwise rotation in wave direction is observed on the 

right side of the track starting from near the track to far away locations, which existed for 

a longer duration. However, the anticlockwise rotation in wave direction is observed over 

a shorter distance on the left side of the track and dissipated immediately.  
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Inertial oscillation is observed in surface current and in the mixed layer temperature 

associated with cyclone passage, which revealed the role of relative location(s) on either 

side of the track. The inertial peak closer to the local inertial period indicates maximum 

transfer of energy during the cyclone passage in both AS and BoB. The absence of strong 

inertial oscillation even with clockwise rotation in surface current and wind indicates the 

dominant role of duration of strong wind in generating inertial oscillation.  

The oceanic response associated with cyclone passage reveal the variable response(s) 

which depends on cyclone intensity, the proximity to track and cyclone translation speed. 

It is observed that resonance with wind generates higher response in surface current, 

wave and SST on the right side of the track and it lasts for a longer duration. The 

maximum oceanic response is observed at a few kilometers away on right side of the 

track. However lesser rightward bias in the location of maximum cooling is observed for 

cyclones with low cyclone translation speed. The response on the left side of the track is 

less and is limited over a shorter distance and dissipates immediately. It is observed that 

the ocean response, in general, increases with intensity of cyclones. However the 

differential cooling produced by the same intensity cyclones in AS and in BoB indicates 

the dominant role of low cyclone translation speed in oceanic response.  

The surface cooling exhibited strikingly differential responses between AS and BoB. The 

TMI-SST and buoy observations exhibited significant cooling for a longer duration in AS 

compared to that of BoB. The spatial extent of cooling is also much higher in AS than 

that of BoB.  The wide spread cooling associated with cyclone passage in AS indicates 

the dominant role of thermal structure in oceanic response in AS than that of BoB.  

 

------- ***------- 
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