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Abstract 
 

The north Indian Ocean comes under the influence of the seasonally reversing 

monsoon winds. During the summer (winter) monsoon the winds blow from south 

west (north east) direction. Under the influence of the seasonally reversing winds the 

circulation in the north Indian Ocean also reverses seasonally. During the summer 

(winter) monsoon the general flow is to eastwards (westwards). Prior to the onset of 

summer monsoon, the north Indian Ocean warms up and the sea surface temperature 

becomes greater than 28oC making it one of the warmest oceanic regions known as 

the Arabian Sea Mini Warm Pool. The core of this warmpool lies in the Lakshadweep 

Sea, (LS) the part of the southeastern Arabian Sea that lies between the Indian 

peninsula and the chain of Lakshadweep Islands to its west.  The strong winds 

associated with the onset and progress of the southwest monsoon leads to the cooling 

and thereby dissipation of the warm pool by reducing the SST below 28oC. Under the 

influence of the southwest monsoon winds, intense upwelling occurs along the south 

west coast India during the summer monsoon. 

 

In addition to the presence of very warm waters during pre-summer monsoon and 

upwelling during summer monsoon, the LS is characterized by the presence of 

temperature inversions during winter. Further, during winter season, the LS exhibit the 

presence of low salinity waters which are advected from the head Bay of Bengal 

through the prevailing surface currents. The seasonally reversing coastal and 

equatorial currents also play a role in governing the hydrography and circulation in 

the LS and these peculiar features of the LS makes it a unique and interesting 

oceanographic region. 

 

Objectives of the present study are as follows 

 

 Examining the interannual variability of upwelling and the relative importance 

of local forcing versus remote forcing. 

 Examining the evolution of temperature inversions, its characteristics and its 

interannual variability in the Lakshadweep Sea. 
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 Examining the interannual variability of salinity in the Lakshadweep and the 

relationship between the freshening in the Lakshadweep Sea and the monsoon 

activity over the Bay of Bengal.  

 

Chapter 1 provides the background, area of interest, literature review and the 

objectives of the present study. 

 

Chapter 2 describes the various data sets used. Under a major ongoing long term 

observational program in the Indian seas supported by the Ministry of Earth Sciences, 

Government of India, repeat near- fortnightly XBT measurements are being carried 

out systematically in the LS since May 2002 using passenger ships that ply regular 

between Kochi and Lakshadweep island chain. During each XBT survey (M/s. 

Sippican T7 XBT probes and MK21 XBT data acquisition system), a minimum 10-13 

vertical temperature profiles sampling the upper 760 m water column and 20-25 sea 

surface water samples (bucket samples) are collected. These water samples are 

analyzed using Guild Line 8400 Autosal. In all, 1619 vertical temperature profiles and 

2586 surface salinity samples were collected during the time period May 2002 – April 

2010. The Kochi- Kavarati (KK) transect is the most densely covered transect used to 

examine the interannual variability in the near surface thermohaline field of the LS.  

To examine the evolution of the near surface temperature/ salinity structure, the 

available ARGO float profile data are extracted from the websites 

http://www.coriolis.eu.org and ftp://ftp.ifremer.fr/ifremer/argo/dac for the study 

region. The monthly means of NCEP-NCAR net surface heat flux, TMI SST, 

QuikSCAT winds, currents derived from QuikSCAT winds (Ekman) and AVISO 

blended T/P SSH anomalies (Geostrophic) are utilized  to examine the variability in 

the study region. 

 

An Ocean General Circulation Model (OGCM) is used to understand the SST 

evolution in the LS. The model regional configuration used here is built from the 

"Nucleus for European Modeling of the Ocean" ocean/sea-ice numerical framework. 

This configuration cover the entire tropical Indian Ocean between 33°S-30°N and 

26°E-142E and has a nominal resolution of 1/4° (i.e. cell size ~25 km). It has 46 

http://www.coriolis.eu.org/
ftp://ftp.ifremer.fr/ifremer/argo/dac
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vertical levels, with 10 levels in the upper 100 m and 250 m resolution at depth. The 

mixed layer dynamics is parameterized using an Turbulent Kinetic Energy (TKE) 

closure scheme. Additional subgrid-scale mixing parameterizations include a bi-

Laplacian viscosity and an iso-neutral Laplacian diffusivity. Oceanic boundary 

conditions and initialization are performed using the output from a global ¼ 

simulation part of the DRAKKAR hierarchy of global configurations. 

 

Chapter 3 describes the observed variability of the near-surface thermal structure in 

the LS using the repeat XBT observations. The LS exhibits a wide spectrum of 

variability ranging from intraseasonal to interannual. The variability is trapped 

primarily at the thermocline depth (between 60 m and 100 m), taking the form of 

vertical movements of the thermal stratification. The intraseasonal variability occurs 

at two preferred time scales: in the 30-110 day band, within the frequency of the 

Madden-Julian Oscillation, and in the 120-180 band. Interannual temperature 

anomalies are also observed at depth and reflect a considerable year-to-year 

variability of the magnitude of both upwelling and downwelling events.  

 

Chapter 4 describes the interannual variability of upwelling in the LS and the relative 

importance of local versus remote forcing during 2002-2009. The depth of the 25oC 

isotherm (D25) representing the core of the thermocline is extracted from the near 

fortnightly snap shot thermal sections. The annual cycle of the D25 for a box close to 

the coast is examined to understand the year-to-year variability of upwelling along the 

west coast of India. Among the years of study, there are distinct differences in the 

strength of upwelling and the strongest event occurred during the summer monsoon of 

2002 whereas the weakest upwelling event occurred during 2005. During 2002, D25 

reached the shallowest depth of 15m in August, the lowest value recorded in entire 

dataset. During 2005, the D25 reached the shallowest depth of only 38m in 

November, which is about two months later than the normal indicating weaker and 

prolonged upwelling.  

 

The observed negative sea surface height (SSH) anomaly distribution along the KK 

transect has also shown a similar patter during summer monsoon season (SMS) of 
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2005. The along shore equatorward wind stress has shown similar pattern i.e. 

unusually lasted until November/December 2005. The surface wind stress curl has 

shown larger positive values during SMS of 2002 in comparison with the SMS 2005 

lending support to the stronger (weaker) upwelling event during 2002 (2005). The 

observed SST in the KK XBT transect also has shown a prolonged cooling up to 

December, 2005 unlike any other year.  The post monsoon, the secondary warming 

during 2005 was relatively weaker. The pelagic fish landing along the southwest coast 

of India has also showed relatively lower values, but with prolonged extension until 

December. Thus five independent measurements, namely, D25, negative SSHA, 

alongshore equatorward wind stress, SST and pelagic fish landings have all shown 

supportive evidence for upwelling lasting longer by about 2 months during 2005.  

 

The winds over the equatorial Indian Ocean is known to play an important role in 

modulating the circulation in the north Indian Ocean. The energy imparted by the 

surface winds propagate along the equatorial wave guide as upwelling/downwelling 

Kelvin waves and traverse around the rim of the Bay of Bengal (BoB) and enter the 

LS. Hence the annual cycle of the zonal wind speed along the equator and the along 

shore wind stress along the western rim of BoB are examined. Among the years, the 

westerly winds are relatively short lived and weaker along the equator during 

December 2004 – February 2005. The equator ward alongshore wind stress over the 

western rim of the BoB during October 2004 – February 2005 shows relatively 

weaker wind fields suggesting the resultant weaker upwelling Kelvin waves.  

 

The observed time series of D25 and SSHA in the coastal box are utilized to seek the 

relation between them through a correlation analysis.  The correlation between these 

two parameters is 0.88 which is statistically significant at 99%. Hence the SSHA in 

the coastal box is correlated with the SSHA in the rest of the basin for different lags. 

Large correlation values are seen only in the regions adjacent to west coast of India, 

the southern tip of Sri Lanka and in the south-central and western Bay of Bengal. The 

regions where the correlations are relatively large are well known for the propagating 

coastal Kelvin waves and westward propagating Rossby waves. The largest 

correlation was found at 8 days lag implying that the propagating Kelvin waves 
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around SriLanka play an important role in modulating the observed SSHA in the 

coastal box.  

 

Chapter 5 describes the evolution and interannual variability of temperature 

inversions and its relation to the freshening in the LS. The vertical temperature 

profiles are used to examine the evolution of the near surface thermal inversions. The 

distribution of these thermal inversions shows a distinct life cycle during each winter 

[November, December, January and February]. They first appear few in number 

during November and they peak in their intensity during January and disappear by 

March. They show large year-to-year variability in their characteristics and population 

density. All previous studies have suggested that the thermal inversions in the LS 

occur due to (i) intrusion of cooler and low saline waters from the Bay of Bengal (ii) 

penetrative radiation into the barrier layer. 

 

Among all the winters, the minimal number of thermal inversions occurred during the 

winter of 2005 – 2006 and the causative mechanisms for this anomalously minimal 

occurrence is examined. First, the background state of the LS is examined by using 

the surface winds and surface turbulent heat losses. The observed mean monthly wind 

speeds show that the winds were relatively stronger during 2005 particularly in the LS 

region. The net surface heat flux anomalies during 2005 showed that the heat gain by 

the ocean was minimal compared to any other year of study period. Also the 

secondary warming in the LS region was the weakest as a resultant of the prolonged 

upwelling during the SMS of 2005.  Secondly, the surface freshening in the LS is 

examined using the sea surface salinity (SSS) data collected. The SSS showed a huge 

drop of 4.03 from November 2005 to February 2006. This huge freshening is 

attributed to the fresh water influx into the BoB through precipitation and river 

discharge which gets transported into the LS through the surface currents. The 

precipitation into the LS and the BoB is also examined. During 2005 BoB received 

the highest precipitation compared to all other years. The river discharge into the BoB 

from the east coast rivers were also moderately high. The interannual variability of the 

surface currents (Ekman+ geostrophic) is also examined which were found to be 

stronger and well organised during 2005. This has lead to the excess freshening in the 
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LS during winter 2005-2006. 

 

In spite of such a huge freshening, the formation of temperature inversions was 

minimal during winter 2005 – 2006. Hence we have examined the SST gradient 

between the intruding BoB waters and the ambient LS waters using the TMI SST 

data. For all the years of study except 2005, the SST gradient between the ambient 

and intruding waters remained positive indicating that the intruding BoB waters are 

cooler than the ambient LS waters. However, during 2005-2006 the SST gradient 

remained negative until December and weaker from December 2005 through 

January/February 2006, suggesting the SST of the intruding waters from bay is of 

comparable magnitude of the SST of LS. This weak horizontal gradient in SST 

resulted in the occurrence of reduced number of thermal inversions during winter 

2005 – 2006. 

 

Chapter 6 examines the summer intraseasonal SST variability and the respective 

contributions from oceanic and atmospheric processes in the LS. Analysis of model 

and observed SST reveals that LS is a region of local SST variability along the coast 

of India. A model mixed layer heat budget analysis shows that the intraseasonal SST 

variability in the LS is largely driven by heat flux variations. Contribution of oceanic 

processes is negligible, as the alongshore intraseasonal wind variations are very weak.  

 

The summary of the entire work along with conclusions is presented in Chapter 7.  
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Chapter 1 

Introduction 
 

The Indian Ocean is the smallest and relatively least explored ocean of the world 

occupying approximately 20% of the world ocean. It has a north-south extent of 9600 

km from Antarctica to the interior Bay of Bengal (BoB) and spans 7800 km in east-west 

direction between southern Africa and Western Australia. Indian Ocean differs from the 

Atlantic and Pacific Oceans in having no high northern latitudes, extending to only 

25oN.   

 

1.1. The wind regime 
 

The north Indian Ocean is one of the few oceanic regimes that come under the influence 

of the seasonally reversing monsoon winds and the effects are felt far into the subtropics 

of the southern ocean. The word “Monsoon” is derived from the Arabic word “mausim” 

which means seasons. From summer to winter there is a complete reversal of winds and 

the ocean circulation responds accordingly [Schott and McCreary, 2001; Shankar et al., 

2002; Schott et al., 2009]. The monsoonal winds result from the change of sign of the 

large scale temperature difference between the ocean and land mass. The land mass is 

warm during summer and cold during winter. The ocean surface temperature varies with 

the season, but not as much as the land. Hence, during summer the large scale winds 

blow towards the warm continent and during winter they blow away from the continent. 

The monsoons are named based on the wind direction during the season. In the northern 

Indian Ocean, during summer monsoon period (May – September) the winds blow from 

south west direction and it reverses the direction during winter monsoon (November – 

February) to blow from north east direction (Figure 1.1). The southwesterly winds are 

concentrated in a narrow jet, known as the Findlater Jet [Joseph and Raman, 1966; 

Findlater, 1969], which is seen in the July winds (Figure 1.1). The winds are much 

stronger during the summer monsoon which is 'wet-season' for India and most of the 

southeast Asia than the winter monsoon period which is 'dry-season' with relatively cool 
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Figure 1.1: The climatological wind (m/s) generated from the Quikscat data during 

2000-2008. 

 

conditions. The winds are weaker during the transition periods i.e.; March – April and 

October. An interesting difference of the north Indian Ocean from other tropical oceans 

is the absence of sustained easterly winds along the equator [Talley et al., 2011]. 

Instead, the near-equatorial winds have an easterly component only during the late 

winter/early spring, a semiannual westerly component during both inter-monsoons and a 

weak westerly annual mean. 

 

1.2. The circulation 
 

The Indian Ocean adjusts its circulation patterns to strongly variable winds by 

generating large scale planetary waves such as Rossby and Kelvin waves [Talley et al., 
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2011]. The surface current climatologies from ship drift data [Cutler and Swallow, 

1984] and the data from surface drifters [Molinari et al., 1990; Shenoi et al., 1999b] 

provides a general picture of the circulation in the Indian Ocean. A schematic of major 

surface currents in the north Indian Ocean during summer and winter monsoon [Shenoi 

et al., 1999a; Schott and McCreary, 2001; Shankar et al., 2002; Luis and Kawamura, 

2004; Schott et al., 2009] is provided in Figure 1.2. The acronyms used for the currents 

are presented in Table 1.1. 

 

The seasonality of the currents in the Indian Ocean is more pronounced in the north than 

in the south.  The South Equatorial Current (SEC) flows westward in all the seasons.  

During summer a strong wind driven gyre system is formed in the north Indian Ocean 

comprising of the SEC, Somali Current (SC) and the Summer Monsoon Current (SMC) 

during summer monsoon. The SMC flows eastward south of Sri Lanka and brings 

saltier Arabian Sea water in to the BoB [Jensen, 2001]. During winter, the SEC 

continues to flow westward, and a westward flowing Winter Monsoon Current (WMC) 

develops in the southeastern BoB during December [Shankar et al., 2002]. A branch of 

WMC turns to enter the southeastern Arabian Sea (SEAS) transporting low saline BoB 

waters into the SEAS and feeds into the West India Coastal Current (WICC) [Shetye et 

al., 1991].  

 

The major coastal currents along the coast of India, the WICC and the East India 

Coastal Current (EICC) also undergo a similar seasonal reversal thereby playing an 

important role in the exchange of water masses between the Arabian Sea and the BoB. 

EICC flows towards the equator all along the east coast of India during November – 

January. It bends around Sri Lanka and flows along the west coast of India as a 

poleward WICC [Shetye et al., 1991]. During summer monsoon, when the southwest 

monsoon winds are active, the WICC reverses the direction to flow equatorward.  The 

EICC reverses its direction to flow poleward during February – May. South of 100N it 

remains southwestward until April feeding the WMC. The EICC is weak during 

southwest monsoon; poleward to the south and equatorward to the north. At the time of 

the formation of the northward (southward) phase of the WICC a high (low) in sea level 

known as the Lakshadweep High (Low) forms off the southwestern coast of India and 
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migrates westward across the Arabian Sea.  

 
Figure 1.2: Schematic diagram of the surface currents during summer (top panel) and 

winter monsoons (bottom panel). For the expansion of the acronyms, see table 1.1. 
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The inter-monsoon periods which is the transition period between the monsoons, the 

Indian Ocean is characterized by the presence of strong eastward surface jets commonly 

referred as Wyrtki Jets [Wyrtki, 1973]. They owe their existence to the semiannual 

westerly equatorial winds and have a speed of 1m/s. The Wyrtki Jets can influence the 

dynamics in the BoB and eastern Arabian Sea [Potemra et al., 1991; Yu et al., 1991; 

McCreary et al., 1993] by initiating planetary waves. 

 

Acronym Current/Eddy Acronym Current/Eddy 
SEC South Equatorial Current SMC Summer Monsoon Current 
WMC Winter Monsoon Current EACC East African Coastal Current 
SC Somali Current SECC South Equatorial Counter 

Current 
SG Southern Gyre EICC East India Coastal Current 
GW Great Whirl WICC West India Coastal Current 
LH Lakshadweep High  LL Lakshadweep Low 
 

Table 1.1: Acronyms used for major currents and eddies presented in Figure 1.2 

 

 

1.3. Sea Surface Temperature 
  

A huge area of the tropical Indian Ocean is covered by warm waters with sea surface 

temperature (SST) exceeding 30oC and is known as the Indian Ocean Warm Pool 

(IOWP).  The IOWP covers the entire north Indian Ocean by May with peak SST above 

30oC thereby making it the warmest oceanic region [Joseph, 1990; Vinayachandran and 

Shetye, 1991] in the world at that period of time. However, SSTs warmer than 28oC is 

present in a small region (Figure 1.3) in the Arabian Sea much before May and 

continues to remain the warmest region in the Indian Ocean during February – May. 

This region has been termed as the Mini Warm Pool by Rao and Sivakumar [1999], SST 

High by Shenoi et al. [1999b] and Arabian Sea Mini Warm Pool by Vinayachandran et 

al. [2007]. By the onset and progress of the summer monsoon, the warm pool collapses 

and the SST fall below 280C during June – September. A slight warming occurs in the 

eastern Arabian Sea after the end of the summer monsoon and the SST reaches 28.50C 
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during October – November [Darbyshire, 1967; Luis and Kawamura, 2003; Rao and 

Sikka, 2005; Srinivas and Dinesh Kumar, 2006]. The cold dry continental winds that 

blow from northeast cools the region by November and this continues up to February. 

 

The Lakshadweep Sea (LS) is a region between the west coast of India and the 

Lakshadweep group of Islands (represented by the box in Figure 1.3). It lies within the 

SEAS and is a region of marked oceanic dynamical activity being situated in the IOWP. 

The core of the Arabian Sea Mini Warm Pool lies in the LS with the highest SST of the 

world ocean during the pre-summer monsoon period with values exceeding 30°C in 

climatological conditions during April – May (see the review by Shenoi et al. [2005a]). 

In two quasi-simultaneous studies, Shenoi et al. [1999b] and Rao and Sivakumar [1999] 

analyzed processes conducive to this SST maximum. Both studies invoked the role of 

upper ocean salinity stratification in the observed SST pattern: during December, LS 

surface waters freshen because of advection of BoB origin low salinity waters by the 

EICC and WMC. This low-salinity cap induces a thinning of the mixed layer, thereby 

diminishing the thermal inertia in the upper ocean when compared to the surrounding 

ocean. This, together with the downwelling force from the coastal waveguide occurring 

during October – January, limits vertical mixing with the underlying cooler water, and 

thus inhibits the dissipation of the SST high. Under the effect of radiative heat input, 

this conjunction of events favours the build-up and maintenance of Mini Warm Pool 

[Rao and Sivakumar, 1999]. The exact role of ocean processes in the Mini Warm Pool 

build-up was further investigated using several oceanic models, but results remain 

controversial [see the review by Vinayachandran et al., 2007]. While Durand et al. 

[2004] concluded that the ocean plays a prominent role in the SST rise during the pre-

summer monsoon season through the trapping of heat in the barrier layer, Kurian and 

Vinayachandran [2007], on the contrary, concluded that the SST high results essentially 

from the structure of the atmospheric fluxes, there being a local minimum of latent heat 

loss in the SEAS during winter. The SSTs in excess of 30°C in April – May in the SEAS 

are well above the commonly accepted threshold of 28°C for the triggering of deep 

atmospheric convection [Graham and Barnett, 1987]. This has fostered a number of 

studies on the possible role of the LS in the ocean-atmosphere interactions and the onset 

of summer monsoon [see the review by Vinayachandran et al., 2007]. Rao and
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Figure 1.3: The climatological SST (0C) from the TMI (Tropical Rainfall Measuring 

Mission/TRMM Microwave Imager) data during 1998-2010. The box represents the 

Lakshadweep Sea region. 

 

Sivakumar [1999] and Shenoi et al. [1999b] suggested that the Mini Warm Pool of the 

LS favours the development of an atmospheric vortex in May – June, the so-called 

monsoon onset vortex, conducive to monsoon onset over southern India. Considerable 

controversy still exists among the atmospheric community about the year-to-year 

repetitiveness of this atmospheric feature, about the exact role of the ocean in its genesis 

role of the vortex in the larger context of the dynamics of the summer monsoon. The 

only ocean-atmosphere coupled modelling study that specifically addressed the role of 

the LS in the southwestern Asian climate was by Masson et al. [2005]. They concluded 
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that salinity stratification in the LS exerts a strong constraint on the SST budget during 

the pre-summer monsoon season, which in turn controls the timing and intensity of 

subsequent monsoonal rains over southern India. In this background, this thesis 

examines the variability of the near surface thermohaline structure in the LS using a 

unique observational dataset collected at near fortnightly intervals. 

 

1.4. Lakshadweep High/ Low 
 

Hydrographic observations and satellite data has shown a clear seasonal cycle of sea 

level  with positive (negative) sea level anomalies in  the LS  during winter (summer)  

[Shankar and Shetye, 1997; Bruce et al., 1998]. Along the southwest coast of India a 

high in the sea level appears during December and is termed as Lakshadweep High 

(LH) [Bruce et al., 1994].  The LH along with the associated anticyclonic flow 

intensifies and spread offshore and northward along the west coast of India, (Figure 1.4) 

forming a circular high to the east of the Lakshadweep Islands. By February it stretches 

westward and the high is no longer circular. The positive anomalies in sea level are seen 

all over the Arabian Sea by April. Similar sequence of events takes place in the 

formation of Lakshadweep Low (LL) during summer monsoon. The sea level off 

southwest coast of India drops in June. By July – August, the negative sea level 

anomalies (SLA) spread offshore and a circular low forms which stretches westward. 

Negative anomalies are observed all over the Arabian Sea by the end of October.  

 

1.5. Sea Surface Salinity  

 
LS exhibits a large variability in seasonal cycle of sea surface salinity (SSS) 

[Darbyshire, 1967; Rao and Sivakumar, 2003; Shankar et al., 2004; Delcroix et al., 

2005; Gopalakrishna et al., 2005; Durand et al., 2007] resulting from the fresh water 

influx from the BoB during November – February and high salinity water from the 

Arabian Sea during April – September. The lowest surface salinity is observed during 

January – March and highest during summer monsoon season (Figure 1.5). Low salinity 

water is mainly confined to the east of 720E and south of 100N [Darbyshire, 1967].   
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Figure 1.4: The climatological SLA (cm) from Topex/Poseidon merged Altimeter data 

during 1998-2010. 

 

Very low saline waters arrive during December – January from the BoB to the LS 

through prevailing surface currents and a part of this advecting waters flow northwards 

along with WICC flowing close to the coast [Shetye et al., 1991]. Another branch flows 

northwestwards [Shetye et al., 1991; Shankar et al., 2004; Gopalakrishna et al., 2005] 

spreading the low salinity waters within the LS [Darbyshire, 1967; Banse, 1968; 

Pankajakshan and Ramaraju, 1987; Shetye et al., 1991; Thadathil and Ghosh, 1992; 

Prasanna Kumar et al., 2004; Gopalakrishna et al., 2005]. The anticyclonic flow 

associated with the LH redistributes the low salinity water within the LS by February. 

The drop in the SSS may range from 4.03 psu following a good monsoon year 

compared to a drop of 1.7 psu after a weak monsoon [Gopalakrishna et al., 2005; Nisha 
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et al., 2009]. By March, the low salinity waters are observed at 700E along 100N 

resulting from the westward spread of the LH [Bruce at al., 1994]. During May, the 

influx of high saline waters from the northern Arabian Sea begins [Shenoi et al., 2004] 

and as a result low salinity water disappears.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.5: The climatological SSS (psu) from WOA09 for the north Indian Ocean. 

 

 

1.6. Barrier Layer 
 

The barrier layer is defined as the layer between the bottom of the mixed layer and the 

top of the thermocline [Lukas and Lindstrom, 1991]. The influx of the low salinity 

waters in to the LS from the BoB during November – January causes strong haline 
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stratification in the LS. Thus the mixed layer becomes much thinner than the isothermal 

layer leading to the formation of the barrier layer. Climatological datasets show the 

presence of the barrier layer in the LS during November – January, February – April, 

and September – November [Sprintall and Tomczak, 1992]. CTD observations carried 

out during Arabian Sea Monsoon Experiment shows that the barrier layer in the LS was 

20 m thick during March – April 2003 [Shenoi et al., 2004]. Model simulations by 

Durand et al., [2004] shows the presence of 20 m thick barrier layer  during January – 

April while Masson et al., [2005] have shown a 30 m thick layer at its peak during 

January – February. By the onset of the southwest monsoon in May – June, this layer 

disappears owing to upwelling [Shenoi et al., 2004]. 

 

1.7. Temperature Inversions 
  

The formation of temperature inversions (increase of subsurface temperature exceeding 

SST) in the LS during winter has been well documented in the earlier studies [Thadathil 

and Ghosh, 1992; Shankar et al., 2004; Gopalakrishna et al., 2005; Nisha et al., 2009]. 

Inversion characteristics such as frequency of occurrence, depth of occurrence, 

inversion layer strength and inversion layer thickness exhibit significant variability in 

space and time [Thompson et al., 2006]. Durand et al. [2004] have shown that 

temperature inversions form within the barrier layer, and Kurian and Vinayachandran 

[2006] showed that they form in regions under the influence of cool, low saline waters. 

Temperature inversions are a stable seasonal feature in the coastal waters of SEAS 

[Thadathil and Ghosh, 1992].  

 

In the LS, inversions  begin to appear by October though, very low in frequency of 

occurrence [Shankar et al., 2004], increases its population by November – December, 

reaches its peak by January  and disappears by March [Thadathil and Ghosh, 1992; 

Shankar et al., 2004; Durand et al., 2004; Gopalakrishna et al., 2005; Rao and Sikka, 

2005; Thompson et al., 2006]. The strength of  these inversions vary between 0.50C to 

1.20C [Thadathil and Ghosh 1992; Durand et al 2004; Gopalakrishna et al., 2005; Rao 

and Sikka, 2005] and the thickness of inversion layer ranges from 20 m [Gopalakrishna 

et al., 2005; Rao and Sikka, 2005] to 80 m [Thadathil and Ghosh, 1992]. The 
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temperature inversions appear to propagate from east to west along with the low salinity 

water [Shankar et al., 2004; Gopalakrishna et al., 2004] and show considerable 

interannual variability in the occurrence [Gopalakrishna et al., 2004; Nisha et al., 2009]. 

 

1.8. Upwelling 
 

The LS is one of the most productive regions in the world oceans, contributing 

significantly to the Indian fisheries production due to the upwelling that occurs in the 

region, during summer monsoon [Madhupratap et al., 1994, 1996, 2001]. The upwelling 

is indicated by the upslope of isotherms towards the coast resulting in lowering of near-

surface layer temperatures and subsequent fall in the sea level. The onset of upwelling is 

reported in the deeper depths by February – March which reaches the surface by May 

and continues until September [Sharma, 1968; Shetye, 1984; Johannessen et al., 1981; 

Smitha et al., 2008; Smitha, 2011]. The local forcing governing the upwelling during 

summer is identified as the alongshore wind stress and wind stress curl through Ekman 

dynamics [Shetye et al., 1985; Shetye and Shenoi, 1988]. The role of remote forcing 

through propagating Kelvin and Rossby waves in governing the upwelling event along 

the west coast of India has been established by numerical modeling studies [Clarke, 

1983; Potemra et al., 1991; Yu et al., 1991; McCreary et al., 1993; Bruce et al., 1994; 

McCreary et al., 1996; Shankar and Shetye, 1997 ; Han and Webster, 2002]. Upwelling 

first appears at the southern latitudes and progresses northward under the influence of 

poleward propagating coastal Kelvin waves [McCreary et al., 1993; Shankar and 

Shetye, 1997]. 

  

1.9. Present study 
 

Most of the previous studies pertaining to the LS region have been conducted basically 

using one time observations or the historical data sets due to the non availability of 

continuous long-term measurements. Since May 2002, the National Institute of 

Oceanography, Goa has initiated a long-term systematic observational program onboard 

ships of opportunity and this program is supported by the Ministry of Earth Sciences. 

We have used this unique dataset to understand and document the thermohaline 
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structure of the LS with the following objectives: 

 

 Examining the interannual variability of upwelling and the relative importance 

of local versus remote forcing. 

 Examining the evolution of temperature inversions, its characteristics and its 

inter annual variability. 

 Examining the interannual variability of salinity in the LS and the relationship 

between the freshening in the LS and the monsoon activity over the BoB. 

 

The rest of this thesis is organised as follows. The datasets used and the methodologies 

adopted are detailed in Chapter 2. A description of the intraseasonal to interannual 

variability of the upper ocean thermal structure in the LS is given in Chapter3.The 

interannual variability of the upwelling in the LS and the relative importance of local 

versus remote forcing are presented in Chapter 4. The evolution, characteristics and 

year-to-year variability of the temperature inversions and its relation to freshening over 

the LS and the monsoon activity over the BoB are discussed in Chapter 5. The summer 

intraseasonal evolution of SST and the governing mechanisms are presented in Chapter 

6, followed by summary and conclusions in Chapter 7. 

 

  

 

 

 

 

 

 

 

 

 



 

Chapter 2 

Data  
 

2.1. Introduction 
 
A large number of datasets including observational, model simulations, reanalysis and 

satellite measurements are used in this study. This chapter provides a description of all 

the data sets used in the present study.  

 

2.2. Observations 

2.2.1. In situ data  
 

A major ongoing long-term observation program is being carried out in the Indian 

Seas with the support from the Ministry of Earth Sciences, Government of India. 

Under this program repeat near-fortnightly XBT measurements are being carried out 

systematically in the LS for the first time since May 2002 using passenger ships that 

ply regularly between Kochi and Lakshadweep Island chain. During each XBT survey 

(M/s. Sippican T7 XBT probes, MK-21 XBT data acquisition system and LM3A hand 

held launcher), a minimum of 10 – 13 vertical temperature profiles sampling the 

upper 760 m water column and 20 – 25 sea surface water samples (bucket sample) at 

50km interval (black dots in Figure 2.1 depict the XBT and SSS stations) were 

collected. During May 2002 – May 2010 period, 1619 vertical temperature profiles 

and 2586 SSS samples were collected.  

 

The sea water samples are analysed for salinity using the Guild Line 8400 Autosal. As 

a part of quality control of the XBT data, XBT profiles pertaining to individual cruises 

were plotted and subjected to physical verification to examine consistency among the 

profiles, identifying genuine temperature inversions and sharp spikes. The XBT data 

are processed and quality controlled following the procedures laid down in Bailey et 

al. [1994]. These profiles were also compared with the corresponding climatological 
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Figure 2.1: Distribution of XBT and seas surface salinity stations over the study area, 

during 2002–2010. The 200 m and 1000 m isobaths [taken from Sindhu et al., 2007] 

are shown. Shaded strips (Kochi-Kavaratti and Kochi-Minicoy) represent the most 

densely sampled transects. The eastern (E) and western (W) boxes are shaded in red 

for future reference. Also shown is the typical position of the Lakshadweep High and 

Low. Dark coast line represents the south west coast of India chosen to relate the total 

pelagic fish landings with the observed upwelling.  

 

profile of the region taken from World Ocean Atlas [WOA2009; Locarnini et al.,  

2010], as well as with the climatology developed using the present eight-year XBT 

data set. Further, in order to account for the response time of the thermistor 

(temperature sensor in the XBT probe) the SST value is replaced by the temperature at 

4.5 m depth. All the suspected XBT profiles were discarded. These amounted to 9% of 

the total number of profiles. This is comparable to the performance typically achieved 

in other parts of the world ocean.  The depth of the XBT temperature measurements 

was calculated from the time since drop using the Hanawa et al. [1995] equation. 

Gouretski and Koltermann [2007] have shown that there is a year- and depth- varying 

warm temperature bias in the XBT instrument. Wijffels et al. [2008] show that the 

temperature bias is mainly due to small variations in the drop rate equation. Levitus et 

al. [2009] modified the Gouretski and Koltermann [2007] calculated biases and 

extended the bias calculation through the year 2008. For the years 2000 – 2009, the 



Data                                                                                                                               16 
 
mean bias in the upper 100 m is 0.130C +/- 0.060C using Levitus et al. [2009]. The 

drop rate corrections by Wijffels et al. [2008] have been shown to overcorrect the 

error in the 2000 – 2008 time period by Levitus et al. [2009]. Using even the 

overcorrected drop rate, when the Hanawa et al. [1995] drop rate calculation gives a 

depth of 100 m, the Wijffels et al. [2008] modification gives a maximum depth 

difference inferior than 3.3 m compared to H95. This is because the drop rate 

modifications are small and only a small time has elapsed by the time the probe 

reaches 100 m depth, so the cumulative effect at this depth is small. So, near-surface 

studies such as the present one should not be greatly affected by the XBT bias 

problem. 

 

The Kochi – Kavaratti (KK) on the northern flank of the LH/LL, and the Kochi –

Minicoy (KM), cutting through the coastal flank of LH/LL, are most densely covered 

transects (shaded strips in Figure 2.1). The Kavaratti – Minicoy (north-south) transect 

is the least sampled due to the limited availability of the passenger ships and hence 

not utilised in the present study. The time-longitude distribution of the XBT data 

along the KK and KM transects are shown in Figure 2.2 

 

Available ARGO (Array for Real-time Geostrophic Oceanography) float data for the 

study region is extracted for salinity and temperature from the websites 

ftp://ftp.ifremer.fr/ifremer/argo/dac and http://www.coriolis.eu.org for the study 

region. Monthly estimates of total marine pelagic fish landings along the west coast of 

India (coast line is marked in dark line in Figure 2.1) for the years 2002 – 2005 are 

obtained from Centre for Marine Fisheries Research Institute, Kochi, India.  

 

2.2.2. Satellite data 

 

Gridded Sea surface height (SSH) data is obtained from the Archiving, Validation and 

Interpretation of Satellite Oceanographic (AVISO) data blended Ocean Topography 

Experiment (TOPEX) / Poseidon (T/P) for the time period May 2002 – May 2010 

(available at http://atoll-motu.aviso.oceanobs.com). The Tropical Rainfall Measuring 

Mission/TRMM Microwave Imager (TMI) SST data for the time period May 2002 – 
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May 2009  and Quick Scatterometer (QuikSCAT) wind data are downloaded from the 

website http://apdrc.soest.hawaii.edu/ for the time period May 2002 – November 

2009. Precipitation estimates are obtained from Global Precipitation Climatology 

Project (GPCP) for the study period. 

 

 
 

Figure 2.2: Longitude-time distribution of the XBT data along (a) Kochi-Kavaratti 

and (b) Kochi-Minicoy transects. 

 

2.2.3. Reanalysis data 

 

The monthly mean data available for net heat flux from National Centres for 

Environmental Prediction-National Centre for Atmospheric Research (NCEP-NCAR) 
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is used for the study period. Model heat flux is validated against two recent datasets, 

largely derived from reanalysis products: OAFlux [Yu and Weller,2007] and Tropflux 

[Praveen Kumar et al., 2010]. While TropFlux is largely derived from the ECMWF 

Interim Re-Analysis [ERA-I, Dee and Uppala, 2009], OAFlux surface fluxes are 

obtained from a blend of various satellite retrievals and re-analysis products. 

TropFlux also provides estimates of wind stress, which perform better than other 

available products at intraseasonal timescale, when compared against in situ moored 

buoy estimates [Praveen Kumar et al., 2012]. 

 

2.3. Assimilation  

 
The Global Ocean Data Assimilation System (GODAS) products from NCEP are 

utilized to estimate heat and salt budgets of the upper 30 m layer of the LS region 

[Behringer et al. 2004]. The GODAS is based on a quasi-global configuration of the 

GFDL MOM.v3. The model domain extends from 750S to 650N and has a resolution 

of 10 by 10 enhanced to 1/30 in the N-S direction within 100 of the equator. The model 

has 40 levels with a 10 m resolution in the upper 200 m. Other new features include 

an explicit free surface, the Gent-McWilliams isoneutral mixing scheme and the KPP 

vertical mixing scheme [Large et al., 1994]. The GODAS is forced by the momentum 

flux, heat flux and fresh water flux from the NCEP atmospheric Reanalysis 2. In this 

reanalysis GODAS assimilates temperature profiles from XBTs, from TAO, TRITON 

and PIRATA moorings and from Argo profiling floats. The GODAS data are created 

and available at http://cfs.ncep.noaa.gov/cfs/godas. Heat and salt budgets of the upper 

30 m water column is carried out following the methodology adopted in 

Vinayachandran et al. [2002] and Rao and Sivakumar [2003] for the region between 

720E-760E and 80N-120N. 
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{Salinity tendency} = {Freshwater flux} – {horizontal advection term} + {vertical    

advection term}  
Where, D = diffusion terms, Qs =  near surface heat flux, S = vertically averaged 

mixed layer salinity, t = time unit (month), E = evaporation (m/month), P = rainfall 

(m/month), h = mixed layer depth, MLDts(m), u = zonal component of flow 

(m/month), wh = vertical advection below mixed layer (m/month), H = Heaviside step 

function {= 0 if (wh  + dh/dt < 0, = 1 if (wh + dh/dt > 0}, Sh = salinity just below the 

mixed layer base. 

 

2.4. Model simulations 
 

The model configuration is a sub-domain of the global ORCA025 coupled ocean/sea-

ice model configuration described by Barnier et al. [2006] using the primitive equation 

ocean general circulation model “Nucleus for European Modelling of the Ocean” 

(NEMO) [Madec, 2008]. This model configuration uses the ORCA global tri-polar 

grid [Madec and Imbard, 1996] at 1⁄40 resolution (i.e. cell size ~25 km) and extends 

from 26.750E to 142.250E in longitude and from 33.20S to 30.30N in latitude. The 

vertical grid has 46 levels, with a resolution ranging from 5 m at the surface to 250 m 

at the bottom. It uses a partial step representation of the bottom topography and a 

momentum advection scheme which both yield significant improvements [Penduff et 

al., 2007; Le Sommer et al., 2009]. Bathymetry is a smooth combination of ETOPO2 

and GEBCO over shelves. Vertical mixing is modelled with a prognostic turbulent 

kinetic energy scheme, with background vertical diffusion and viscosity of 10−5 m2.s−1 

and 10−4 m2.s−1, respectively [Blanke and Delecluse, 1993; Madec, 2008]. Additional 

subgrid-scale mixing parameterizations include a bi-Laplacian viscosity and an iso-

neutral Laplacian diffusivity.  

 

Western boundary is closed by continent. Eastern, Northern and Southern boundaries 

are radiative open boundaries [Treguier et al., 2001] constrained with a 150 days time-

scale relaxation to 5-day-average velocities, temperature and salinity from the 

interannual global 1/40 ORCA025-B83 simulation [Dussin et al., 2009]. ORCA025-

B83 simulation is a product of the DRAKKAR hierarchy of global configurations (The 
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Drakkar group, 2007) that have been extensively validated in the Indo-Pacific regions 

[Lengaigne et al., 2011; Keerthi et al., 2012; Nidheesh et al., 2012]. The model start 

from Levitus at rest and is forced from 1990 to 2007 with the Drakkar Forcing Set #4 

(DFS4) described in detail in Brodeau et al., [2010]. The starting point of DFS4 is the 

Common Ocean Reference Experiments (CORE) dataset developed by Large and 

Yeager [2004]. To calculate latent and sensible heat fluxes, the CORE bulk formulae 

algorithm is used, with surface atmospheric state variables derived form ERA40 

reanalysis and ECMWF analysis after 2002 (air temperature, humidity and winds at 10 

m). Corrections are performed on these selected input fields to correct temporal 

discontinuities and yield better agreement with some recent high quality data. 

Radiation fluxes are based on the CORE v1 dataset, using a corrected ISCCP-FD 

radiation product [Zhang et al., 2004].  

 
We use the model mixed layer heat budget equation to understand processes of SST 

intraseasonal variations. The terms contributing to the heat budget in the ocean mixed 

layer are calculated online and stored. The mixed layer depth (MLD) is defined as the 

depth where the vertical density is 0.01 kg.m-3 higher than the surface density. A lower 

model MLD criterion has to be applied compared to observations (0.03 kg.m-3) 

because the model shortwave forcing does not account for any diurnal variability [de 

Boyer Montégut et al., 2004]. In the model, the mixed layer temperature evolution 

equation reads: 
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where T is the model temperature in the mixed layer, (u, v, w) the components of 

ocean currents, Dl(T) the lateral diffusion operator, k the vertical diffusion coefficient, 

and h the time varying mixed layer depth. Brackets denote the vertical average over 

the mixed layer h. (a) is the advection, (b) the lateral diffusion, (c) is the 

entrainment/detrainment, (d) the vertical diffusion flux at the mixed layer base, and (e) 

is heat flux forcing of the mixed layer. Qs is the solar heat flux; Q* the non-solar heat 
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fluxes: sensible, latent, radiative heat fluxes; and F(z=h) the fraction of surface solar 

irradiance that penetrates below the mixed layer. 

 
  

 



Chapter 3 

Intraseasonal to interannual variability of the upper ocean 
thermal structure 

 

3.1. Introduction 

 

Observations on sub-seasonal variability in the LS are extremely scarce. Still these 

limited observations provide evidence that the seasonally-contrasted sequences of 

events are somehow blurred by higher frequencies. Based on the current-meter time 

series data, Schott et al. [1994], Nethery and Shankar [2007] reported a relative 

maximum of energy at 110 days in the spectrum of the currents observed at 150 m 

depth, south of Sri Lanka. Utilising  a 21-month long record of a current meter 

mooring  located off Goa at 15°N, but slightly further offshore at the shelf break, 

Vialard et al. [2009] showed that the along-shore current at 50 m was highly variable 

at 2 – 3  month periods under the remote influence of the equatorial winds. From the 

analysis of altimetry and eddy-permitting numerical model, Bruce et al. [1998] have 

reported that the SEAS is populated with energetic mesoscale features. 

The literature is even less abundant on the interannual variability of LS thermal 

structure. Recently, Shankar et al. [2010] analysed the low-frequency variability of sea 

level in the entire northern Indian Ocean. From linear numerical simulations, they 

pointed out some fundamental reasons that prevent any remotely forced variability to 

exist in the eastern Arabian Sea at multi-year periodicities. 

3.2. Data  
 

The spatio-temporal distribution of data along KK and KM transects is shown in 

Figure 2.2. It is important to notice the high level of homogeneity of the data coverage 

on both routes throughout the 8-year-long period of measurements. Typically, for the 

KK transect all signals of scale of order 1° and 1 month are adequately resolved. In 
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several instances a nominal resolution of 0.5° and 15 days is achieved. Along the KM 

route, the typical resolution is of order 1° and 1 season. 

 

Figure 3.1: Longitude-depth section of (a) the mean and (b) the standard deviation of 

temperature from the XBT dataset along Kochi – Kavaratti transect. Contours are 

every 1°C and every 0.5°C for (a) and (b), respectively. (c) Maximal standard 

deviation as a function of longitude along the Kochi – Kavaratti transect. (d) 

Equivalent vertical displacement (m) at the depth of the maximal standard deviation, 

as a function of longitude along the Kochi – Kavaratti transect (see Section 3.3 for 

details). 

The irregularly distributed dataset was re-gridded on a regular 0.5° longitude × 1 

month grid. XBT profiles falling in each 0.5° longitude box were grouped together to 

generate an average profile and placed at the middle of each box. Irrespective of the 

XBT cruise period (which sometimes reached two months), monthly means were 

generated considering the profiles corresponding to a given month. This re-gridding 

procedure in space and time was followed to generate all the parameters used in this 

chapter for both KK and KM transects. 
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3.3. Mean upper ocean thermal structure 

Figure 3.1a presents the mean temperature of the upper 200 m along the KK transect. 

It is very similar along the KM transect (not shown). Very warm waters (temperature 

above 28°C) are found in the upper 40 m. Peak SST exceeding 29°C are present west 

of 73.5°E. Above the core of the thermocline, isotherms upslope gently towards the 

coast, from about 73°E. This is consistent with the known southward (and thus 

upwelling-favourable) direction of the alongshore component of the wind throughout 

the seasonal cycle over the southwest coast of India [Schott and McCreary, 2001]. 

Variability around this mean structure strikingly appears trapped in the thermocline, 

with values of standard deviation typically in excess of 3°C (Figure 3.1b). It is much 

weaker in the mixed layer and in the sub-thermocline, with values near or lower than 

1°C. Figure 3.1c presents the longitudinal section of the maximum standard deviation 

seen in Figure 3.1b. The standard deviation is maximum at 75°E, viz. in the shelf 

break area, where it almost reaches 4°C. It decreases westward down to 3°C at the 

western edge of the transect. Visual comparison of Figures 3.1a and 3.1b shows that 

the maximum variability is roughly seen at the depth of the thermocline. The 

thermocline trapping of thermal variability suggests the dominance of dynamically-

driven temperature variability over thermodynamic processes. Assuming that all the 

observed variability can be represented in terms of vertical movements of the thermal 

stratification, it is interesting to compute the equivalent amplitude of the vertical 

movement corresponding to the observed thermal variability. In this idealized case, the 

standard deviation Dz of the depth of a given isotherm is simply given by: 

Tz
DT=Dz            (3.1) 

where DT is the standard deviation of temperature shown on Figure 3.1b, and Tz  is the 

background vertical gradient of temperature at this particular location. At every 

longitude and at the depth of maximum variability seen on Figure 3.1b, we computed 

this equivalent vertical displacement (Figure 3.1d). As in Figure 3.1c, we note a 

westward drop of the equivalent displacement. It is maximum at the eastern edge of 

the transect, at the shelf break, with values exceeding 60 m. It decreases continuously 

to 72.75°E, where it amounts to only 20 m. The very sharp decrease in the offshore 
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direction is due to the combined effect of a drop of the maximum temperature 

variability seen on Figure 3.1c (the numerator of (1)) and a rise of the vertical gradient 

of temperature seen on Figure 3.1a (the denominator of (1)). Interestingly, the 

longitudinal profile of Dz is very suggestive of an exponential with e-folding scale of 

about 1.5°C. In the framework of linear dynamics, the theoretical value of Dz is one 

Rossby radius of deformation [Gill, 1982]. It amounts to approximately 100 km in the 

LS for the first baroclinic mode, as seen in Chelton et al. [1998]. The broad 

consistency between our empirical estimate and the theoretical value echoes the 

known validity of linear physics in explaining the basic dynamical features of the LS 

[Shankar et al., 2002]. 

3.4. Annual cycle of the thermal structure 

3.4.1. Comparison with WOA09 climatology 

Figure 3.2 presents the monthly climatology of thermal structure along the KK 

transect extracted from WOA2009 [Locarnini et al., 2010] as well as from our new 

dataset. For clarity we also plotted their difference (obtained by subtracting our dataset 

from WOA2009). Clearly, our dataset is broadly consistent with WOA2009, with a 

salient seasonal signal composed of upwelling from May to August, downwelling 

from October to February, and minimum variations during the intervening periods. 

The typical temperatures in the mixed layer, thermocline and deeper layers are also 

similar in the two datasets throughout the seasonal cycle. A closer examination, 

however, reveals interesting differences between the two datasets. First, our XBT 

dataset exhibits a steeper east-west slope of the isotherms during both upwelling and 

downwelling seasons. This is revealed by the sign of their difference: during the 

upwelling season (May – August), it is systematically positive at thermocline depth in 

the eastern half of the transect, with predominantly negative values in the western half 

from June to August; during the downwelling season, the situation is reversed, our 

dataset being consistently warmer than WOA2009 at thermocline depth in the east. 

We can not rule out the different time span of the two climatologies (the whole 20th 

century for WOA2009 vs. eight years (2002−2010) for our dataset) in explaining some 

aspects of their difference. In particular, this could be the reason why WOA2009 is 

quasi-systematically cooler than our dataset in the mixed layer. However, the pattern 
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of their difference, with its seasonal dependency, strongly points to the different 

resolution between the two fields: while our XBT dataset has an actual resolution of 

0.5° (Figure 2.2 and Section 3.2), WOA2009 has a nominal resolution of 1° only, and 

probably even less because of the longer correlation scales used in their gridding 

procedure. 

 

Figure 3.2 (a) Longitude-depth sections of monthly climatology of the thermal 

structure along the Kochi-Kavaratti transect for WOA2009 (left column), our new 

XBT dataset (middle column), and their difference (right column) during January to 

June. (b) Same as (a), during July to December. Isolines are every 5°C for temperature 

(left and middle columns) and every 1°C for temperature difference (right columns). 

The months are indicated on left columns of each panel. 
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3.4.2. Seasonal evolution of the thermal field 

In the following, we consider the 25°C isotherm depth (henceforth noted D25) as a 

proxy for thermocline depth. At the end of the upwelling season in August, the 

thermocline lies at 10 m at 75.75°E and at 70 m at 72.25°E. This denotes the WICC 

flowing equatorward at the surface [Schott and McCreary, 2001]. Then the 

downwelling season starts: the thermocline deepens in September until November, 

when it reaches its deepest position at 110 m at 75.75°E. During this period, the WICC 

slows down (in August – September) and turns to flow poleward from October 

onward. Subsequently, thermocline depth increases but only in the western part of the 

transect. This is consistent with the known westward propagation of the coastal trough 

as a Rossby wave at this time of the year [Shankar and Shetye, 1997]. By February the 

thermocline is roughly flat (at about 100 m) all along the transect, and the WICC 

reverses again. In April the upwelling has started, with thermocline shoaling to 75 m at 

75.75°E. This corresponds to an equatorward WICC. The thermocline continues 

shoaling through July in the east. In the west, the thermocline uplifting is delayed and 

starts in June only. This is also consistent with the westward propagation of the coastal 

crest expected there [Shankar and Shetye, 1997]. From July to September, during the 

upwelling season, our dataset reveals a downwelling below the thermocline, as seen 

from the downward slanting of the 18°C isotherm towards the coast, at the eastern 

edge of our section (east of 74.5°E). This corresponds to a poleward undercurrent, 

underlying the equatorward WICC. Such a sheared structure, typical of eastern 

boundary regimes, was observed by Shetye et al. [1990] from hydrographic surveys of 

the SEAS, with similar vertical and zonal position. 

Unlike many other eastern boundaries of the world ocean, the seasonal cycle of 

thermocline depth in the LS described above is puzzling because it leads the local 

wind forcing by several months. This is explained by the fact that the LS is at an 

eastern oceanic boundary but directly connected to the western boundary of the BoB 

(via the coastal Kelvin waveguide of the Indian subcontinent). The exact mechanisms 

forcing the seasonal variability of the thermocline depth (and, thus, of the WICC) in 

the LS was ascertained by the numerical studies of McCreary et al. [1993] and 

Shankar et al. [2002]. It turns out that the downwelling phase (conducive to the LH in 
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winter) is chiefly driven by the seasonal cycle of the alongshore winds in the western 

and northern BoB (primarily by the collapse of the monsoonal winds there, in late 

summer-early fall). The upwelling phase (resulting in the LL in summer) is locally 

forced by the southward alongshore wind during winter monsoon, even though the 

western BoB winds also remotely contribute to it. 

3.4.3. Variability of sea surface temperature 

The SST in the LS presents a semi-annual behaviour, with high values (in excess of 

29°C) during spring and fall inter-monsoons and lower values during summer and 

winter monsoons (Figure 3.3a). The evolution along the KM transect is very similar to 

that along the KK transect, though with slightly weaker extreme in the central part of 

the domain (Figure 3.3b). de Boyer Montégut et al. [2007a] carried out a SST budget 

of the whole eastern Arabian Sea from a numerical model output. They concluded that 

the atmospheric forcing dominates the SST evolution throughout the seasonal cycle in 

agreement with Rao and Sivakumar [2000]. This is also what our observations suggest 

for the particular case of the LS embedded in their larger domain. It is indeed 

interesting to note the decoupling between SST and subsurface temperature evolution 

in Figure 3.2. For example, SST rises sharply during the pre-summer monsoon season, 

under the combined effect of strong solar radiation and reduced latent heat loss 

[Sengupta et al., 2002]; during the same period, the underlying thermocline waters 

strongly cool under the dynamic effect of upwelling. de Boyer Montégut et al. [2007a] 

suggest that a small part of this subsurface cooling does affect the SST evolution, but 

it remains largely dominated by the atmospheric heating (see their Figure 3b). Only 

the secondary SST rise in October – November mirrors the subsurface warming during 

this period. This, though, corresponds to two different mechanisms [de Boyer 

Montégut et al., 2007a]: the surface heats up because of increased atmospheric heat 

flux, whereas the thermocline waters are dynamically downwelled (see Section 3.3). 

The SST cools quickly with the onset and progress of the summer monsoon, under the 

effect of latent heat loss [de Boyer Montégut et al., 2007a].  
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Figure 3.3: (a) Longitude-time sections of monthly climatology of SST (left), mixed-

layer depth (middle) and depth of the 25°C isotherm (right), along the Kochi – 

Kavaratti transect. (b) Same as (a), along the Kochi – Minicoy transect. 

3.4.4. Variability of thermocline depth 

The signature of baroclinic waves (upwelling/downwelling Rossby wave in 

summer/winter) in setting up the observed variability is seen in the observed westward 

propagation of the patterns seen at the eastern edge of the transects sampled. Along the 

KK transect, for example, the summer uplifting of D25 is maximum in August at 

75.25°E and is delayed to October at 72.75°E (Figure 3.3a). This corresponds to a 

phase velocity of about 5 cm/s, roughly consistent with the theoretical speed of a 
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mode-2 or mode-3 Rossby wave at this latitude. A similar value is observed in the 

numerical simulation of Shankar and Shetye [1997]. A modal decomposition carried 

out in the ocean general circulation model of Durand et al. [2004] confirmed that, in 

their simulation of the seasonal variability of the SEAS thermal structure, the 

combined contributions of 2nd and 3rd baroclinic modes dominate over that of 1st 

baroclinic mode. Given the shallow mixed layer depths existing in the area, as well as 

in the BoB, the wind forcing appears as a good candidate to explain this dominance of 

higher-order baroclinic modes over the 1st one in our area. Along the KM route the 

same kind of propagation is also visible, though with an increased apparent phase 

speed (Figure 3.3b): the minimum D25 is also seen in August at 75.25°E, but as early 

as September at 73.25°E. This faster propagation speed is consistent with a higher 

Rossby wave speed at 9°N (the mean latitude of KM transect) as compared to 10.5°N 

(the mean latitude of KK transect), though the monthly sampling of our interpolated 

dataset does not allow an accurate estimation of the propagation speed. Along the KK 

transect, the peak-to-peak excursion of D25 reaches 90 m at the eastern edge of the 

transect. This value decreases westward to about 40 m at 72.5°E. This is in line with 

the westward decrease of equivalent displacement discussed in Section 3.3 (Figure 

3.1d). 

3.4.5. Variability of mixed layer depth 

The mixed layer depth (MLD) is defined as the depth where the temperature is 0.5°C 

lower than SST. One must keep in mind that this depth might overestimate the actual 

MLD, as salinity stratification is notorious for limiting the density-mixed layer depth 

in the SEAS, particularly during the winter season (Rao and Sivakumar, 2003; Durand 

et al., 2004; Shankar et al., 2004; Shenoi et al., 2004; Gopalakrishna et al., 2005; 

Durand et al., 2007; de Boyer Montégut et al., 2007b; Mignot et al., 2007). However, 

the absence of subsurface salinity observations in the study area precludes the 

definition of a density-based criterion. We thus define MLD from temperature only. 

Along the KK transect, MLD shows a contrasted evolution from east to west, with an 

apparent annual periodicity dominant in the east (close to the shelf) and a semi-annual 

periodicity in the west (Figure 3.3a). In the east the MLD is at its deepest in January 

(more than 90 m). Then it shoals continuously to reach less than 20 m in August. 
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Afterwards it deepens again until January. In the west, similarly, it is also at its deepest 

(more than 60 m) in January. The spring shoaling, however, stops in April – May 

there, when it touches 40 m. During the monsoon it deepens again to reach 60 m in 

August. Subsequently it shoals during fall to about 40 m in November. MLD evolution 

along the KM transect also shows the same east/west contrast (Figure 3.3b), with 

similar patterns and magnitude of the seasonal cycle. This east/west contrast suggests 

different mechanisms east and west of 74.5°E. In the east, within the coastal 

waveguide, MLD variability seems to be driven primarily by vertical movements of 

the thermocline. It is interesting to note the westward propagation of MLD shoaling in 

August – October along the KK transect, similar to the propagation of thermocline 

downwelling during the same period. We can also see a hint of this westward 

propagation of MLD after monsoon along the KM transect, though less clearly. On the 

contrary, further offshore the diabatic effects seem to play a prominent role during 

summer; these may consist of buoyancy forcing by the atmospheric fluxes (latent heat 

loss under the effect of monsoonal winds, see McCreary and Kundu [1989] and de 

Boyer Montégut et al. [2007a] or wind-driven entrainment [Fischer et al., 2002].  

3.5. Interannual and intraseasonal variability 

3.5.1. Non-seasonal variability 

In the following, we term as non-seasonal variability the residual signal obtained after 

removing the seasonal climatology from the raw data. As shown in Figure 3.4, the 

non-seasonal variability of temperature is confined at thermocline depth. The standard 

deviation shows values in excess of 1.5°C in the central part of the transect, located 

between 40 m and 120 m. Visual comparison of Figure 3.1b and 3.4 indicates that in 

this depth range, the non-seasonal variance amounts to about one third of the overall 

variance.  

In order to investigate whether there is any seasonality of this non-seasonal variability, 

the monthly standard deviation of the non-seasonal anomaly of temperature has also 

been computed along the KK transect (Figure 3.5). This figure thus features the 

seasonal evolution of the standard deviation presented in Figure 3.4. It shows that, 

irrespective of the season, the variability is consistently trapped in the thermocline. 
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Indeed, it is strongest (typically in excess of 1.5 °C) around 100 m in winter, at the 

height of the downwelling season; conversely, it is strongest around 50 m in the 

summer monsoon, once the seasonal upwelling has developed. This figure also 

suggests that the non-seasonal variability is strongest in summer-fall. Only during this 

period do standard deviations in excess of 2.5°C appear, mainly in the central and 

western part of the transect.  

 

Figure 3.4: Longitude-depth section of standard deviation of the temperature anomaly 

as regards to the monthly climatology along Kochi – Kavaratti transect, over the 2002-

2010 period. Isocontours are every 0.5°C. 

Further details of the non-seasonal variability can be inferred from Figure 3.6, which 

displays the temperature evolution for the two selected red boxes shown on Figure 2.1 

(E and W boxes). Clearly, the seasonal periodicity dominates the variability. The 

peak-to-peak displacement of D25 and D20 between winter and summer season, every 

year, typically amounts to 80 m / 50 m for E box / W box. This is also consistent with 

the equivalent displacement plotted on Figure 3.1d. Superimposed on this annual 

cycle, energetic anomalous events stand out at both locations, as reflected by the short-

lived vertical excursions of the thermal structure, with typical duration of a few weeks. 
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Figure 3.5: Same as Figure 3.4, computed monthly over the 2002–2010 period. 

Contours are every 1°C. Superimposed in dashed lines is the monthly climatology of 

the 25°C isotherm depth. 
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Figure 3.6: (a) Time series of temperature profile observed in E box (contours). 

Superimposed in thick line is the mixed layer depth. The thin lines feature the depth of 

the 25°C and 20°C isotherms. The dots show the XBT data distribution. Gaps longer 

than 1 month are kept blank. (b) Same as (a), for W box. 

To separate out the sub-seasonal from the interannual variability, we applied a 200-

day running mean to the time series at each depth. This low-frequency evolution of 

temperature will be referred to as the interannual variability in the following, while the 

difference between the non-seasonal variability and this low-frequency evolution will 

be referred to as the sub-seasonal variability.  

3.5.2. Sub-seasonal variability 

Figure 3.7 presents the time series of sub-seasonal temperature anomalies for the two 

selected locations (E and W boxes, see Figure 2.1). In line with Figures 3.4 and 3.5, 

the anomalies are quasi-systematically trapped between the bottom of the mixed layer 

and the bottom of the thermocline (as defined by D20) in W box. The vertical profile 

of the anomalous patterns is not always homogenous. They appear fairly barotropic  
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Figure 3.7: (a) Sub-seasonal variability of temperature profile observed in E box 

(contours). Superimposed in thick line is the mixed layer depth. The thin lines 

feature the depth of 25°C and 20°C isotherms. The dots show the XBT data 

distribution. Gaps longer than 1 month are kept blank. (b) Same as (a), for W 

box.  

throughout the 2002 − 2010 period. On the contrary, in E box, the sign of the anomaly 

in the upper thermocline is opposite to that in its lower part on many occasions. This 

suggests that the linear processes driven by low-order baroclinic modes (which are 

roughly barotropic within this depth range) may not be the sole contributor to the 

observed variability. The role of the other mechanisms (instabilities, higher-order 

baroclinic modes, diabatic processes) is not clear and needs to be ascertained with a 

dedicated numerical approach. Our data thus suggest different mechanisms of thermal 

variability, between the shelf break area (where E box is located) and the deep ocean 

(where W box is). Hydrographic cruises carried out in the area also evidenced a depth-

dependent structure in the vicinity of the shelf break [Shetye et al., 1990]. 
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Figure 3.8: Power spectrum of (a) D25 and (b) D20 variation in E box (with seasonal 

cycle removed) at sub-seasonal timescales (thick line). (c) and (d) Same as (a) and (b), 

for W box. The 95% significance level, estimated using autoregressive model fitting, 

is indicated by dashes. 

We temporally interpolated D20 and D25 time series on a regular bimonthly time axis 

and computed their power spectrum (Figure 3.8). It shows that the sub-seasonal 

variability occurs at two preferred time scales. In the 30-110-day band, significant 

peaks are evident in the eastern box. These peaks are within the time frequency 

domain of the Madden-Julian Oscillation [MJO; Zhang, 2005], a large-scale 

perturbation of atmospheric deep convection with energetic fluctuations of surface 

winds at periods of 30-90 days. Vialard et al. [2009] indeed revealed that the currents 

and sea-level variations observed at these time scales along the coast of Goa (about 

400 km to the north of our area) are part of basin-scale fluctuations of the northern 

Indian ocean equatorial and coastal wave guide in response to intraseasonal winds 

associated with the MJO. These spectra also reveal a second distinct and energetic 

peak between 110-200-day periods. This peak lies at the low-frequency end of the sub-

seasonal variability, and further investigations are required to understand the processes 

driving this variability.  
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3.5.3. Interannual variability 

Very little is known about the year-to-year variability of subsurface thermal structure 

in the study region. In a pioneering study based on the first batch of Argo floats 

deployed in the central Arabian Sea, Vinayachandran [2004] pointed out that the 

general belief that the magnitude of summer cooling in the Arabian Sea is linked to the 

strength of the summer monsoon is an over-simplified view of the real ocean. The 

duration of the monsoon season can also play a prominent role. de Boyer Montégut et 

al. [2007a] investigated the mixed layer temperature variability over 1993 – 2000 

using an ocean model. They evidenced the central role of the latent heat flux 

anomalies in driving the interannual variability of SST in the eastern Arabian Sea.  

Figure 3.9 displays the interannual temperature variations in the eastern and western 

boxes. Large low-frequency signals are seen at both locations with amplitude of ~1°C 

at depth. The vertical profiles of the temperature anomalies appear fairly barotropic in 

both boxes, extending from the top of the mixed layer to 200 m depth. Consistent with 

the observations from Argo floats profiling in the central Arabian Sea [reported by 

Vinayachandran, 2004], warm anomalies during the summer 2003 are observed, 

especially in the western box. Conversely, large negative anomalies are observed 

during 2007 and to a lesser extent during winter and spring of 2006. A systematic 

assessment of the mechanism proposed by Vinayachandran [2004] over the whole 

duration of our observational record is beyond the scope of the present study but forms 

an interesting perspective. 

Figure 3.10 displays the longitude-time evolution of D25 for the monthly field along 

the KK transect. It allows further documentation of the interannual variability of the 

thermocline. It appears that the seasonal sequence of events displayed in Figure 3.3 is 

consistently repeated year after year. The upwelling starts in March off the Indian 

coast, lasts until August, and is subsequently replaced by downwelling that lasts until 

January. These signals propagate westward (carried by planetary waves), the western 

edge of the section showing basically the same evolution as the eastern edge with a 2-

month lag. Notable exceptions occur on several occasions, when the propagation of 

the coastal signal does not extend far offshore or is interrupted at some longitude 

before re-appearing further to the west (winter 2003−2004, winter 2005−2006 and  
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Figure 3.9: (a) Interannual variability of temperature profile observed in E box 

(contours). (b) Same as (a), for W box 

summer 2007). Throughout the period, the magnitude of the coastal signal decays 

during the westward propagation, consistent with the westward decrease of the 

standard deviation seen in Figure 3.1b. Unlike the seasonal timing, there is 

considerable year-to-year variability of the magnitude of both upwelling and 

downwelling events. Upwelling appears most intense during summer 2002 (with a 

thermocline virtually touching the sea surface in the east, as already seen in Figure 

3.7a) and least marked during summer 2005 [Gopalakrishna et al, 2008]. Downwelling 

is most intense in winter 2005−2006, with a thermocline deeper than 120 m in January 

2006 east of 75°E. This extreme event, however, does not propagate west of 74.5°E, 

which stands in contrast to the continuous propagation throughout our domain 
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observed during most of the years. Another strong event is observed in 2008 – 2009 

winter when the thermocline at 740E touches 120 m during February – March 2009. 

The 2008 downwelling is the least pronounced, with D25 hardly touching 100 m. 

Figure 3.10: Longitude-time section of 25°C isotherm depth along the Kochi-

Kavaratti transect, for the May 2002 – April 2010 period. Each panel shows a twelve-

month window, from May to the following April. The corresponding year numbers are 

indicated on each panel. Contours are every 10 m. 

3.6. Role of salinity on the sea-level variations 

The LS is subject to extremely large changes in the upper-ocean salinity at seasonal 

[Rao and Sivakumar, 2003; Delcroix et al., 2005], interannual and intraseasonal 

[Gopalakrishna et al., 2005; Nisha et al., 2009] timescales. Based on long-term 

repeated thermosalinograph measurements encompassing the three tropical oceans, 

Delcroix et al. [2005] pointed out that the highest variability of SSS is observed in the 

LS, with a standard deviation of about 1 in their 20-year-long time series (see their 

Figure 23). Basically, the surface waters of the LS freshen in winter, under the 

influence of BoB water advected by the WMC [Durand et al., 2007] and by EICC 

[Rao et al., 2008]; conversely, salinity increases in summer under the influence of 

Arabian Sea high salinity water advected equatorward by the WICC. Extremely fresh 

anomalies are seen in January – March 2004 and in January − April 2006, with values 

lower than 33 psu at the surface throughout the KK transect; on the contrary, 
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Figure 3.11: Longitude-time section of altimetric sea level anomaly extracted along 

the Kochi-Kavaratti transect. Contours -10 cm, 0 and 10 cm are drawn in thin line. 

salinities in excess of 35.75 psu appear from April 2006 through August 2006 [Nisha 

et al., 2009]. This salinity drop/rise is conducive to sea level rise/drop, respectively, 

through the halosteric effect. The seasonal cycle of the halosteric effect along the KK 

transect should interfere constructively with that of the thermosteric effect generated 

by the vertical motions of the thermocline seen in Section 3.4. At this stage, it is 

interesting to assess the relative imprints of temperature and salinity on sea level 

variability. Figure 3.11 presents the evolution of altimetric sea level anomaly (SLA) 

along the KK transect, obtained from AVISO gridded product. It integrates both 

temperature and salt effects. We compare it with the evolution of dynamic height 

anomaly (DHA) along the same route (Figure 3.12). The DHA is computed assuming 

a constant 35 salinity throughout the water column. Thus it accounts for the 

thermosteric effect only. The DHA is plotted after removal of the 2002 – 2008 mean 

DHA corresponding to each grid point. The measurement errors of altimetric SLA are 

believed to be in the range 2 – 3 cm in the open ocean [Fu and Cazenave, 2001]. As 

for DHA computed from XBT profiles, the accuracy is better than 2 cm [Wijffels et 

al., 2008]. To the extent of these measurement errors, any difference between SLA and 

DHA should thus be attributed to the halosteric effect. Visual comparison of the two 

figures show that both SLA (Figure 3. 11) and DHA (Figure 3.12) mirror the D25  
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Figure 3.12: Same as Figure 3.11, for the 0-400 m dynamic height anomaly computed 
from our XBT dataset. 

evolution seen in Figure 3.10: at the coastal edge of the transect, SLA and DHA are 

negative (less than -12 cm) at the height of the upwelling season (summer), and 

positive (over + 10 cm) at the height of the downwelling season (winter). This pattern 

seen at the eastern edge propagates westward, crossing our area in about 2 months, 

consistent with the Rossby wave speed discussed in Section 3.4.4. However, the 

consistency between SLA and DHA evolution is verified to a certain extent only. On 

many occasions, upper ocean salinity can be seen as a good candidate to explain their 

misfit. For example, DHA is less than -21 cm in September 2004, throughout the 

central part of the section; at this time, SLA hardly reaches -15 cm. This is consistent 

with the positive halosteric effect expected from the fresh (33.5 psu) SSS seen there at 

this time [Nisha et al., 2009]. In the same way, SLA exceeds +12 cm in March 2006 

all along the transect, when DHA hardly touches +9 cm west of 74°E; this is when 

SSS drops below 33, thereby favouring an enhancement of the positive steric effect. 

On a few occasions, though, SSS anomalies can not account for the observed 

differences between DHA and SLA. This is the case, for example, in October 2005, 

when DHA is less than -15 cm west of 74°E, whereas SLA remains around -10 cm; 

this is inconsistent with the salinity anomaly (36 psu) seen in SSS there. The reason 

for this is unclear. In particular, it is hard to distinguish between the measurement 

error of altimetric sea level and possible subsurface halosteric contribution in the 
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absence of systematic subsurface salinity measurements. Indeed, the LS is known for 

vigorous haline variability in the thermocline and below [Shankar et al., 2005; Shenoi 

et al., 2005b]. 

3.7. Summary 

Apart from reviewing the existing knowledge on the issue of upper ocean thermal 

variability, goal of the present study is to analyze and present a novel in-situ dataset 

harvested in the LS. It is based on two repeated XBT transects performed 

systematically at near-fortnightly interval between the Indian mainland and 

Lakshadweep group of Islands. The resolution along the best-sampled transect (KK) is 

better than 1° × 1 month, systematically during 2002−2010. Along the other transect 

(KM), the resolution is about half as high. Overall, the data coverage is unprecedented 

in this part of the world ocean. 

Our basic conclusion is that the LS temperature presents a broad spectrum of 

variability, from intraseasonal to interannual timescales. The variability is trapped 

primarily at the thermocline depth (between 60 m and 100 m), taking the form of 

vertical movements of the thermal stratification with amplitude of order 60 m. At 

seasonal timescales, our dataset essentially confirms what was known from the 

existing literature. In line with the past modelling studies, the variability patterns show 

the imprint of linear physics (among which the central role played by baroclinic 

Kelvin and Rossby waves). In addition, the first-of-its-kind resolution of our dataset 

reveals a rich variety of sub-seasonal anomalous events. They take the form of short-

lived signals trapped in the thermocline. This sub-seasonal variability occurs at two 

preferred time scales: in the 30-110-day band, within the frequency domain of the 

MJO, and in the 120-180 day band. Interannual temperature anomalies are also 

observed at depth and reflect a considerable year-to-year variability of the magnitude 

of both upwelling and downwelling events. The exact forcing mechanisms responsible 

for the observed sub-seasonal and interannual variability (locally or remotely wind-

driven or generated by oceanic internal turbulence) remain to be ascertained.  

SST exhibits relatively minor variability as compared to subsurface temperature. 

However, even small variations of SST have the potential to exert considerable 
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climatic impact, given that SST continuously hovers around the critical threshold of 

28°C, considered as the minimal value needed to sustain deep atmospheric convection. 

We have seen that the thermocline is upwelled to extremely shallow levels (of order or 

less than 20 m) on some occasions. Hence, contrary to what is known from the 

(limited) literature on this issue, we can not exclude a significant role of the ocean 

subsurface in driving the SST variability. The present dataset provides an invaluable 

source of information to quantitatively assess the upper ocean heat budget in the LS 

region over the recent period and at all timescales, from intraseasonal to interannual. 



Chapter 4 

Interannual variability of upwelling 
 

4.1. Introduction 
 

Upwelling is a wind driven oceanographic process by which the subsurface nutrient 

rich, cooler and denser water rises to the surface replacing the warm, nutrient depleted 

surface water. It is indicated by the rapid upward movement of the isotherms, surface 

cooling and associated fall in the coastal sea level. The increased availability of 

nutrients in the upwelling regions results in high levels of primary productivity and 

hence fishery production. The south west coast of India is one of the most biologically 

productive regions of the world oceans contributing in large volumes to the fishery 

potential of India due to the upwelling process during the summer monsoon season 

(SMS) [Madhupratap et al., 1994, 1996, 2001]. 

 

Several studies have been reported in the literature that describes and explains the 

observed upwelling off the south west coast of India [Banse, 1958, 1968; Sharma, 

1968; Johannessen et al., 1981; Shetye, 1984; Mc Creary and Chao, 1985; Shetye et 

al., 1990; Shankar et al., 2005]. These studies, based on relatively sparse and limited 

hydrographic datasets reported the onset of upwelling in the deeper depths as early as 

February/March, that gradually reaches the near-surface layers by May and continues 

until September in association with the southward flowing surface coastal current 

[Sharma, 1968; Johannessen et al., 1981; Shetye, 1984; Shetye et al., 1985]. The most 

important local forcing responsible for the occurrence of upwelling are along-shore 

wind stress and wind stress curl through Ekman dynamics during SMS [Shetye et al., 

1985; Shetye and Shenoi, 1988; Muraleedharan and Prasanna Kumar, 1996; Naidu et 

al., 1999; Smitha et al., 2008]. The upwelling first appears in the southern latitudes 

along the south west coast of India and progressively advances poleward in 

association with the northward propagating upwelling coastal Kelvin waves during 

the pre monsoon season resulting in maximum upwelling off Kochi [McCreary et al., 

1993; Shankar and Shetye, 1997]. The multilayer numerical models driven by 

climatological winds that simulate the ocean circulation in the north Indian Ocean 
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have demonstrated the importance of remote forcing from the equator through 

propagating Kelvin and Rossby waves [Clarke, 1983; Potemra et al., 1991; Yu et al., 

1991; McCreary et al., 1993; Bruce et al., 1994; McCreary et al., 1996; Shankar and 

Shetye, 1997; Han and Webster, 2002]. 

 

4.2. Data 
 

The systematic repeat XBT measurements made at near-fortnightly intervals along the 

KK XBT transect in the LS over a period of eight years continually from May 2002 – 

April 2010 for the first time are utilized to examine the year-to-year variability of the 

near-surface thermal structure and the associated upwelling in the LS. The upwelling 

observed during SMS is studied in detail using the available satellite data on surface 

winds, sea surface height (SSH) anomaly and the SST. The KK XBT (shaded strip in 

Figure 2.1) is the most densely covered transect utilized to construct snapshot vertical 

thermal sections in the upper 150 m water column to characterize the nature of the 

observed year-to-year variability of the upwelling. This systematically collected XBT 

data is unique in several respects to examine the observed seasonal cycle of the near 

surface thermal structure and its most embedded feature, upwelling. The depth of the 

20oC (D20) isotherm drawn from the temperature climatology [Locarnini et al., 2010] 

is utilized to characterize the propagating Kelvin waves along the equator. The AVISO 

gridded SSH anomaly product for the period January 2002 – December 2009 is 

utilized to characterize the nature of the propagating upwelling and downwelling 

Kelvin and Rossby waves. The QuikSCAT wind data (seasonal cycle removed) are 

utilized to characterize both the equatorial and along-shore wind stress and wind 

stress curl. The TMI SST data extracted for KK XBT transect are used to examine the 

observed cooling caused by the upwelling during these eight years. Monthly estimates 

of total marine pelagic fish landings along the south west coast of India (coastline is 

shown as dark line in Figure 2.1) for the years 2002 – 2005 are examined to seek 

relationship between fish landings and the upwelling characteristics. 
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Figure 4.1 Annual cycle of snapshot vertical thermal sections along KK XBT transect 

in the upper 150 m during 2002 – 2009. J2-D2, J3-D3, J4-D4, J5-D5, J6-D6, J7-D7, 

J8-D8 and J9-D9 represents January – December individual snapshot vertical thermal 

sections for the years 2002, 2003, 2004, 2005, 2006, 2007, 2008 and 2009 

respectively. J2 represents January 2002, F2 represents February 2002 and so on until 

December 2002. The same is followed for the other years. 

 



Interannual variability of upwelling                                                                             47 
 

 
Figure 4.1: continued 

 

4.3. Near surface thermal structure along the KK transect 
 

The individual snapshot vertical thermal sections along KK XBT transect for the years 

2002 – 2010 are presented in Figure 4.1. The annual cycle is typically characterized 

by deep near-surface isothermal layer during winter caused by downwelling [Shenoi 

et al., 2005b]. Thermal inversions in the near-surface isothermal layer are also seen 

during November – February with some differences between years [Thadathil and 

Gosh, 1992; Gopalakrishna et al., 2005, Nisha et al., 2009]. All the thermal sections 
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show the occurrence of a warm pool [Rao and Sivakumar, 1999; Shenoi et al., 1999b] 

during March – May during all the years with minor differences among the years of 

study. With the onset and progress of the summer monsoon the warm pool collapses 

with some differences among the years of study. A mild secondary warming is noticed 

again in the near-surface layers during October – November after the withdrawal of 

the summer monsoon. Below the surface layer, the thermocline also shows a 

pronounced annual cycle. The deep thermocline seen during winter (December – 

February) begins to shoal from February / March reaching its shallowest depth by 

September due to upwelling. During the upwelling season, the near-surface isothermal 

layer progressively shoals with increasing magnitude toward the coast [Sharma, 1968; 

Shetye et al., 1990; Shankar et al., 2005; Shenoi et al., 2005b]. During the SMS of 

2005 (SMS of 2002), the observed upwelling is weaker (stronger) than that of 

observed in any other year. Further, the upwelling during the SMS of 2005 persisted 

until November, which is two months longer than the normal. The probable reasons 

for the anomalous upwelling observed during the SMS of 2005 are examined. 

 

4.4. Seasonal cycle of thermocline and pelagic fish landings 
 

The topography of D25 representing the core of the thermocline is extracted from the 

near- fortnightly snap shot thermal sections for all the eight years. The annual cycle of 

D25 for a coastal box (shown in Figure 2.1) is presented in Figure 4.2a as upwelling is 

more pronounced towards the coast [Shetye et al., 1990] to highlight the observed 

differences among these eight years. Although the uplift of D25 has started as early as 

February/March, the upwelling is weaker (stronger) during the SMS of 2005 (SMS of 

2002) compared to all other years (Figure 4.2a). During the SMS of 2002, the D25 

reached the shallowest depth of about 15 m during August, the lowest values recorded 

in the entire data set. However, during the SMS of 2005, the D25 reached the 

shallowest depth of only 38 m during November, that is about two months later than 

the normal indicating a weaker and prolonged upwelling.  
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Figure 4.2: Annual march of (a) D25 (m) for the coastal box (shown in Figure 2.1) for 

the years 2002–2009 and (b) monthly total pelagic fish landings (tonnes) along the 

southwest coast of India (dark coastline shown in Figure 2.1) for the years 2002–2005 

 

As the upwelling process and the pelagic fishery production are strongly coupled 

[Madhupratap et al., 1994; Srinath et al., 2006] the available data on the pelagic fish 

landings along the southwest coast of India are examined for the years 2002- 2005. 

The annual cycle of the estimated fish landings with a co-efficient of variance of 5-10 

% (Figure 4.2b), clearly shows a progressive increase from June-July to September-

October in all the years with the exception of 2005 [Srinath et al., 2006]. During 2005, 

the annual fish landing of 53x104 tons are lower than the averaged (2002- 2004) 

landings of 61x104 tons in agreement with the observed weak upwelling during the 

SMS of 2005. In general, during the normal years, the fish landings begin to recede 

from September – October after reaching their peak intensity. However, it is only 

during 2005, the fish landings showed an increase until December unlike any other 

year in close agreement with the prolonged upwelling. 
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4.5. Signature of upwelling/downwelling 
 

The observed SSH anomaly along the KK XBT transect is examined to characterize 

the signature of upwelling/downwelling and of the propagating waves. The observed 

annual cycle of SSH anomaly along the KK XBT transect for all the eight years 

(Figure 4.3) clearly shows distinct differences in the amplitude and the temporal 

extent of the signature caused by the westward propagating Rossby waves triggered 

by the northward propagating coastal Kelvin waves. During the upwelling season, the 

SSH anomaly is negative owing to the contribution from the steric effect and 

upwelling Kelvin waves. The change of sign of SSH anomaly occurs during May as 

seen in all the years. Interestingly, this change of sign has occurred a little later and 

the negative values lasted longer during 2005. In addition, the magnitudes of these 

negative values are also relatively weaker during the SMS of 2005 compared to any 

other year. This implies that the amplitude of the propagating waves and upwelling is 

relatively weaker during the SMS of 2005 resulting in relatively weaker uplift of D25. 

The SSH anomaly during the SMS of 2002 is relatively stronger suggesting stronger 

upwelling as seen in the XBT measurements. 

 

 
Figure 4.3: Evolution of SSH anomaly (cm) along the Kochi – Kavaratti XBT 

transect for the years 2002 – 2009. 
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The sea surface cooling is usually   associated with upwelling [Shetye et al., 1990]. 

Accordingly the annual cycle of SST along the KK XBT transect derived from TMI is 

examined for all the eight years (Figure 4.4). The annual cycle of SST is typically 

characterized by primary (secondary) heating maxima during pre-monsoon (post- 

monsoon) season. The primary (secondary) cooling maxima occur during the summer 

(winter) monsoon season. However, there are distinct differences in the distribution of 

heating and cooling cycles among these eight years. The most noteworthy feature is 

the very weak secondary warming during October – November 2005 unlike any other 

year. This anomalous feature is also noticed in the near-surface thermal structure 

along KK XBT transect during October-November 2005 (Figure 4.1). During 2005 

the cooling episodes continued beyond the SMS and persisted till the end of the year. 

This is in excellent agreement with the prolonged upwelling inferred from both the 

vertical thermal sections and the SSH anomaly fields. Shetye et al., [1990] has 

reported an SST decrease of 2.50C off Kochi when compared with offshore waters 

during SMS of 1987 due to upwelling. The XBT data showed a SST decrease of 2.90C 

(0.40C) during the SMS of 2002 (SMS of 2005). 

 
Figure 4.4: Evolution of TMI mean monthly SST (0C) along the Kochi – Kavaratti 

XBT transect for the years 2002 – 2009. 
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4.6. Governing Mechanisms 

4.6.1. Local forcing 

It is important to understand the possible mechanisms that produce the observed 

anomalous nature of upwelling during the SMS of 2005. It is well known that the local 

winds play an important role in driving the offshore Ekman transport and the 

associated divergence in the near-surface layers leading to the uplift of isotherms in 

the thermocline [Shetye et al., 1985]. Accordingly the annual cycle of both the 

observed along-shore wind stress and wind stress curl are examined for the KK XBT 

transect for all the eight years (Figure 4.5). The along-shore wind stress is equatorward 

during the SMS of all the years. Interestingly, unlike other years the equatorward wind 

stress has persisted till the end of December in a transient manner only during 2005. A 

comparison of Ekman pumping velocity in the coastal box during SMS of 2002 and 

other years clearly shows that the positive Ekman pumping driven by the surface wind 

stress curl on episodic timescales is more pronounced during the SMS of 2002 (red 

thick line) in comparison to the SMS of other years (Figure 4.6). This also lends 

support to the inference drawn from the XBT thermal sections. Thus the present 

analysis has clearly revealed that the local wind forcing is distinctly different during 

the SMS of 2002 compared to SMS of other years resulting in differences in the 

observed upwelling characteristics.  

 

 
Figure 4.5: Evolution of QuikSCAT along-shore wind stress (Nm-2) component along 

the Kochi – Kavaratti XBT transect for the years 2002 – 2009. 
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Figure 4.6: Daily march of Ekman pumping velocity (x10-6 ms-1) derived from 

QuikSCAT in the coastal box during the summer monsoon seasons of 2002 – 2009.  

 

4.6.2. Remote forcing 

 

The recent modeling studies have clearly shown that the winds over the equatorial 

Indian Ocean play an important role in modulating the circulation features of the north 

Indian Ocean [Potemra et al., 1991; Yu et al., 1991; McCreary et al., 1993; McCreary 

et al., 1996; Shankar et al., 2002]. The energy imparted by the surface winds 

propagate along the equatorial wave-guide as upwelling/ downwelling Kelvin waves 

and traverse around the rim of BoB and enter the LS. In addition, the along-shore 

winds in the coastal BoB also trigger and modulate the propagating Kelvin waves. 

 

The signature of this wave propagation is examined utilizing the satellite surface wind 

and satellite altimetry measurements along the equator. The observed zonal wind 

stress climatology (Figure 4.7a) is relatively stronger over the east central equator and 

shows strong intra-seasonal variability with pronounced peaks during the monsoon 

transitions (resulting in Spring and Fall Wyrtki Jets). These westerly wind bursts 

produce downwelling Kelvin waves that propagate along the equator [Sengupta et al., 

2006]. When these westerly wind bursts weaken or get replaced by easterlies during 

winter, the upwelling Kelvin waves get triggered and propagate along the equator. In 

addition, the surface wind stress curl climatology along the equator (Figure 4.7b) is 

negative (positive) during April – November (December – March) that triggers 

eastward propagating downwelling (upwelling) Kelvin waves. The signature of these 
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downwelling and upwelling Kelvin waves is very well reflected in the Hovmuller 

fields of D20 extracted from the temperature climatology [Locarnini et al., 2010] 

(Figure 4.7c) and SSH anomaly climatology (Figure 4.7d). The deepening of D20 and 

increase of SSH anomaly with eastward propagation during February – May and 

August – November is a clear manifestation of the downwelling Kelvin waves. On the 

other hand the shoaling of D20 and increase of negative SSH anomaly with eastward 

propagation during November – March is a clear manifestation of the upwelling 

Kelvin waves. Both the downwelling and upwelling Kelvin waves after impinging the 

Sumatra coast bifurcate and the northern branch propagates along the rim of the BoB 

before they reach the LS after about one month with a phase speed of 2.7 m/s 

[Chelton et al., 1998]. In addition, these Kelvin waves also trigger Rossby waves that 

propagate westward both along the equator and off the equator. 

 

 
Figure 4.7: Hovmuller fields of multiyear (2000–2009 in case of winds, 1998–2009 in 

case of SSH anomaly and Locarnini temperature climatology in case of D20) averages 

of (a) surface zonal wind stress (Nm-2), (b) surface wind stress curl (Nm-3), (c) D20 

(m), and (d) SSH anomaly (cm) along the equator (10N - 10S average). 
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The observed annual cycle of zonal wind climatology (QuikSCAT) along the equator 

(10S–10N average) is shown for the years 2002 – 2009 (Figure 4.8). The westerly wind 

bursts occur episodically with large intraseasonal variability among the years of study. 

These wind bursts are relatively weaker during January – March and during July – 

August. They are more pronounced during the monsoon transition periods namely 

during April – May and during October – November along the equator. The Fall 

Wyrtki Jet that occurs during October – November also triggers Kelvin waves that 

propagate eastward along the equator and reach the Sumatra coast. During December 

2004 – February 2005, the westerly winds are relatively short-lived and weaker along 

the equator when compared to the years 2002, 2003, 2005, 2006, 2007, 2008 and 

2009. Due to this the corresponding observed negative SSH anomaly is also much 

weaker in the equatorial Indian Ocean (Figure 4.9). This suggests that the 

corresponding occurrence of relatively weaker upwelling Kelvin wave which has 

propagated into the LS by February – March 2005.  

 
Figure 4.8: Evolution of zonal surface wind (m s-1) along the equator (10N–10S 

average) during 2002 – 2009.  

 

Modeling studies [McCreary et al., 1993] have also shown the importance of along 

shore winds in the coastal regions of the BoB in triggering Kelvin waves that 

propagate into the LS. The equatorward along-shore surface wind stress over the 

western rim of the BoB (220 to 60 N) (Figure 4.10) during October 2004 to February  
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Figure 4.9: Evolution of SSH anomaly (cm) along the equator (10N–10S average) 

during 2001 – 2009 

 

 
Figure 4.10: Evolution of surface along-shore wind stress (N m-2) along the western 

rim of the BoB during 2002 – 2009 (10 boxes hugging the east coast of India: 220N–

60N: northern end to southern end). 

 

2005 also shows relatively weaker fields suggestive of resultant weaker upwelling 

Kelvin waves. However, the corresponding along-shore winds over the eastern rim of 

the BoB did not show any perceptible differences among the years of study (figure not 

shown). Thus the present analysis has clearly shown that, the remote forcing both from 
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the equator and the western coastal BoB during winter of 2004 – 2005 is relatively 

weaker compared to the other years. This might have caused weaker upwelling during 

the SMS of 2005.   

 

4.6.3. Relative importance of local Vs remote forcing 

 

The local forcing is characterized by along-shore wind stress off the south west coast 

of India and the remote forcing is characterized by the coastally trapped propagating 

Kelvin waves that reach LS, triggered by both the equatorial zonal wind stress and the 

along-shore wind stress off the east coast of India. The observed time series of D25 

and SSH anomaly (Figure 4.11) in the coastal box (shown in Figure 2.1) during 2002 – 

2010 are utilized to seek the relationship between them through a correlation analysis. 

The correlation between these two parameters is 0.88 which is statistically significant 

at 99%. Hence it can be concluded that SSH anomaly serves as a good proxy for D25 

and accordingly SSH anomaly is utilized for correlation analysis. Shankar et al. [2002] 

have carried out a detailed study highlighting the relative importance of various 

processes both local and remote that modulate the sea level and circulation in the north 

Indian Ocean. Their study clearly revealed that the equatorial zonal winds and the 

along-shore winds off the Myanmar coast have shown a relatively weaker role in 

modulating the upwelling / downwelling cycles observed along the southwest coast of 

India. To delineate the relative importance of local vs. remote forcing, following the 

results of Shankar et al. [2002], the SSH anomaly in the coastal box shown in Figure 

2.1 (as a dependent variable) is correlated with the SSH anomaly in the rest of the 

basin (as independent variable) for different lags. The correlation fields for different 

lags of 2 to 12 days are contoured and presented in Figure 4.12. Large correlation 

values are only seen in the regions adjacent to west coast of India, the southern tip of 

India and Sri Lanka and in the south-central and western BoB. The magnitude of these 

correlation values rapidly decreased with increasing lags. The regions where the 

correlations are relatively large are well known for the propagating coastal Kelvin 

waves and westward propagating Rossby waves. Thus the observed SSH anomaly 

variability in the above mentioned regions can be attributed to the propagating wave 

fields. The largest correlation was found at 8 days lag implying that the propagating 
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Figure 4.11: Time series of (a) D25 (m) and (b) SSH anomaly (cm) (seasonal cycle 

removed) in the coastal box (shown in Figure 2.1) during 2002–2009. 

 

Kelvin waves around Sri Lanka play an important role in modulating the observed 

SSH anomaly in the coastal box.  Similarly, influence of local along-shore wind 

forcing is examined by correlating it with D25 and SSH anomaly in the coastal box 

and the correlations are 0.56 and 0.59 respectively significant at 99% confidence 

limits. 

 
Figure 4.12: Lag correlation (2 to 12 days) between SSH anomaly in the coastal box 

(shown in Figure 2.1) and the rest of the basin. 
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The contribution of remote forcing from the south of Sri Lanka on the observed SSH 

anomaly in the coastal box (Figure 2.1) is also examined through a correlation analysis 

between SSH anomaly at the same box (as dependent variable) and anomalies of zonal 

winds (as independent variable) over the entire basin. The correlation contours are 

drawn for lags of 2 to 12 days. Largest negative correlations are seen south of Indian 

peninsula suggesting strong relation between south of Sri Lanka zonal winds and SSH 

anomaly in the coastal box (Figure 4.13) in agreement with Shankar et al. [2002].  The 

above analysis clearly showed the importance of the remote forcing through coastal 

trapped Kelvin waves excited by along-shore winds along southern Sri Lanka coast. 

The Rossby wave signals seen in Figure 4.12 in the south central BoB may also play 

an important role. The local along-shore winds together with the remote forcing along 

the southern coast of Sri Lanka may play an important role in bringing the observed 

inter-annual variability in the strength of upwelling in the LS region. 

 
Figure 4.13: Lag correlation (2 to 12 days) between zonal winds (seasonal cycle 

removed) at the equatorial region (10S–10N) and SSH anomaly in the rest of the basin. 
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4.7. Summary 

The near-fortnightly systematic repeat XBT measurements made along the KK XBT 

transect during May 2002 – April 2010 have provided a unique and first of its kind 

time series data set to examine the evolution of near-surface thermal structure and to 

describe the observed year-to-year variability of the summer monsoonal upwelling. 

Snap-shot vertical thermal sections have shown a pronounced annual cycle with a bi-

modal structure in the near-surface isothermal layer and a uni-modal structure in the 

thermocline.  The upwelling characteristics observed during the SMS of 2002 and 

SMS of 2005 are distinctly different from those observed during the other years. 

During the SMS of 2005 (SMS of 2002), the upwelling is relatively weaker (stronger) 

than that of any other year. The upwelling (uplift of D25 in the thermocline) during the 

SMS of 2005 has persisted longer by about two months when compared to the other 

years. The observed negative SSH anomaly distribution along the KK XBT transect 

has also shown a similar pattern during the SMS of 2005. The along-shore 

equatorward wind stress has shown similar pattern of SSH anomaly; i.e. unusually 

lasted till November/ December 2005. The surface wind stress curl has also shown 

stronger positive values during SMS of 2002 in comparison to SMS of 2005 lending 

support to stronger (weaker) upwelling during 2002 (2005). Interestingly the 

corresponding observed SST has shown prolonged cooling up to December, 2005 

unlike any other year. During 2005 the secondary warming during post-monsoon 

season was relatively weaker and transient. During 2005, another parameter – the 

pelagic fish landings along the south west coast of India has also shown relatively 

lower values with prolonged extension till December. Thus five independent 

measurements, viz., D25, negative SSH anomaly, along-shore equatorward wind 

stress, SST and pelagic fish landings have all shown supportive evidence for upwelling 

lasting longer by about two months during 2005.  The observed surface westerly winds 

along the equator during the winter of 2004-2005 are short lived and relatively weaker 

resulting in the occurrence of weaker positive SSH anomaly. This has triggered a 

weaker upwelling Kelvin wave that has propagated into the LS by February – March 

2005. This is further reinforced by the relatively weaker equatorward along-shore 

wind stress along the western rim of the BoB triggering weaker upwelling Kelvin 
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waves.  

The present study provides the observational evidence in the LS on the relative 

importance of local versus remote forcing. The present analysis has clearly revealed 

that the along-shore wind stress off the south west coast of India and the remote 

forcing from south of Sri Lanka is relatively more important forcing compared to the 

equatorial forcing influencing the upwelling signal in the LS during the SMS. Long 

time series measurements on near-surface thermal structure from moored buoys 

deployed at few locations in the LS and off the east coast of India and numerical 

modeling studies are needed to quantify the relative importance of local and remote 

effects in forcing the observed upwelling in the LS during the SMS. 

 

 



Chapter 5 

Interannual variability of temperature inversions 
 

5.1. Introduction  
 

A temperature inversion is identified by the presence of higher sub surface 

temperatures than the SST. During winter (November – February) occurrence of near-

surface temperature inversions in the LS is a well documented phenomenon in the 

literature [Thadathil and Ghosh, 1992; Shankar et al., 2004; Gopalakrishna et al., 

2005]. These temperature inversions show amplitudes typically in the range of 0.250C 

– 1.00C and occur in the depth range of 10 m – 80 m [Gopalakrishna et al., 2005]. 

These inversions begin to appear during October – November and its population 

reaches its peak during January – February.  

 

The formation of temperature inversions suggests confluence of different water masses 

in the LS and is primarily attributed to the vertical salinity stratification. In winter, 

intrusion of low salinity and cooler waters from the northern BoB, through the EICC 

and WMC is responsible for strong salinity stratification in this region [Johannessen et 

al., 1981; Cutler and Swallow, 1984; Shetye et al., 1991, 1996; Rao and Sivakumar, 

1999; Shenoi et al., 1999b; Rao and Sivakumar, 2003; Prasanna Kumar et al., 2004; 

Gopalakrishna et al., 2005]. Intrusion of these low salinity waters results in the 

formation of a barrier layer (a layer embedded between top of the thermocline and 

bottom of the surface mixed layer) in the LS [Sprintall and Tomczak, 1992; Rao and 

Sivakumar, 1999; Durand et al., 2004; Masson et al., 2005]. Using an ocean general 

circulation model, Durand et al. [2004] have shown that the heat trapped within these 

temperature inversions makes a significant contribution in increasing the SST at least 

by 1.10C during November – March  contributing to the seasonal buildup of warm 

pool in the LS. Masson et al. [2005], using a coupled general circulation model, 

demonstrated that the lack of heating associated with the barrier layer in LS results in 

late onset of summer monsoon. Another study by Masson et al. [2002] has shown that 

barrier layer enhances the spring SST warming and leads to a statistically significant 

increase of precipitation in May linked to an early monsoon onset. 
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The remote forcing is also known to play an important role in the dynamics of the LS 

through the propagation of coastal Kelvin waves that trigger westward propagating 

Rossby waves [McCreary et al., 1993; Shankar et al., 2002]. During January – 

February the near-surface isothermal layer is also deeper due to downwelling caused 

by the anticyclonic eddy circulation known as LH identified from the altimeter data 

[Bruce et al., 1994; Shankar and Shetye, 1997; Bruce et al., 1998]. 

  

Associated with the EICC and WMC (shown schematically as white arrows in Figure 

5.1a), a progressive drop in the SSS in the LS is clearly noticed from November to 

January/February. In addition, the surface waters in the southwestern BoB are cooler 

by ~20C compared to the temperature in the LS region (Figure 5.1b) and these currents 

transport relatively cooler surface waters into the LS region. During its passage the 

intruded low salinity waters encounter intense surface cooling south of the Indian tip 

due to strong winds that blow through the orographic gap between the Indian tip and 

Sri Lanka, enhancing the turbulent heat losses resulting in lowering of SST by about 

10C in the region south of Gulf of Mannar [Luis and Kawamura, 2000].  Recently 

Kurian and Vinayachandran [2006] examined the possible mechanisms of temperature 

inversions in a numerical model simulation in the LS and concluded that the haline 

stratification is an important pre-requisite for the formation of temperature inversions. 

 

Gopalakrishna et al. [2005] have reported large differences in the life cycle and the 

depth of occurrence of these temperature inversions between the winters of 2002 – 

2003 and of 2003 – 2004. During the latter winter more temperature inversions have 

occurred at shallower depths than the former winter. These differences are primarily 

attributed to the differences in the intrusion of low salinity waters into the LS. Based 

on the near-fortnightly XBT surveys in the LS we have examined the year-to-year 

variability of inversion characteristics and also reported an unusual occurrence of 

reduced number of temperature inversions during winter of 2005 – 2006 when 

compared to any other observed winters. The plausible causative mechanisms are 

examined to explain this unusual observed feature. 
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Figure 5.1: Monthly mean climatology of (a) SSS [Locarnini et al., 2010] over laid 

with mean surface currents (Ekman and geostrophic) derived from climatology of 

QuikSCAT winds and AVISO T/P merged sea-level anomalies for November to 

February. Schematic of the EICC and WMC are shown by white arrows. (b) Monthly 

mean climatology of TMI SST from November to February. 

 

5.2. Data 
 

The period during November 2002 – February 2003 is considered to represent the 

winter season 2002-2003 (W23). The winter seasons of 2003 – 2004, 2004 – 2005, 

2005 – 2006, 2006 – 2007, 2007 – 2008, 2008 – 2009 and 2009 – 2010 are referred as 

W34, W45, W56, W67, W78, W89 and W90 respectively. In order to examine the 

evolution of the near-surface temperature / salinity structure, the available ARGO float 

profile data for salinity and temperature are used for the study region. No Argo float 

data are available for W23, W78, W89 and W90. The location of the available Argo 

floats is provided in Figure 5.2. However, during W34 one float (ID No: 2900263) 
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with four T/S profiles, W45 one float (ID No: 2900193) with five T/S profiles, W56 

two floats (ID No: 2900530, ID NO: 2900091) with 24 T/S profiles (six T/S profiles 

during each month of this winter season) and W67 one float (ID No: 2900347) with 10 

T/S profiles data are extracted. The monthly means of NCEP-NCAR net surface heat 

flux, TMI SST, QuikSCAT winds, currents derived from QuikSCAT winds (Ekman) 

and AVISO blended T/P SSH anomalies (Geostrophic) are utilized to show the 

observed large scale variability.  

 

   
Figure 5.2:  Map showing the location of available ARGO floats (colored circles) and 

XBT and SSS stations (black dots). Also shown are the Godavary, Mahanadi and 

Ganga river locations.  
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5.3. Analysis 
 

The vertical temperature profiles are examined to describe and understand the 

evolution of the near-surface temperature inversions. The spatial distribution of all the 

XBT stations with (red dots) and without (blue dots) temperature inversions 

respectively for each month of the individual winter season are shown in Figure 5.3. 

The near-surface temperature inversions are considered only when their amplitude 

exceeds the SST value by at least 0.250C and the inversion layer thickness exceeds 5 

m. The distribution of these temperature inversions shows a distinct life cycle during 

each winter. They first appear few in number during November and their population 

increases with the progress of the season. They peak during January and disappear by 

March when the SST begins to increase. They also show large year-to-year variability 

in their characteristics and population density [Gopalakrishna et al., 2005]. 

Interestingly, relatively a reduced number of temperature inversions have occurred 

throughout W56. During the winters of 2002 – 2009  the percentage occurrence of 

temperature inversions observed from the XBT data have shown a large spread from a 

minimum of 16% in W56 to a maximum of 51% in W89 (Table 5.1). The W56 can be 

cited as the winter season with the least occurrence of temperature inversions among 

winters 2002 through 2009. In addition, it is also interesting to note that these 

inversions have occurred at shallower depths (~10 m) and occupied thicker water 

column (~35 m) in W56 compared to the other winters in the study (Table 5.1). The 

means, standard deviations and ranges (numbers in bracket) for depth of occurrence, 

layer thickness and amplitude of the inversions for all the eight winters are also given 

in Table 5.1. The plausible causative mechanisms for this unusual occurrence of 

reduced number of temperature inversions are examined in the following sections. 
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Figure 5.3: XBT station locations for W23, W34, W45, W56, W67, W78, W89 and 

W90 in the LS. Red and blue dots represent XBT stations with and without 

temperature inversions respectively. 
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Year % 
occurren

ce  

Mean depth 
of occurrence 

(m) 

Std dev Mean 
layer 

thickness 
(m) 

Std dev Mean  
strength 

(0 C) 

Std 
dev 

SSS  drop 
from 

November 
to 

February 

W23 49  
 

25  
(15-60) 

13.376 21  
(10-30) 

10.077 0.46 
(0.25-0.7) 

0.208 1.91 

W34 43  
 

16  
(10-40) 

7.676 25  
(15-35) 

8.705 0.47  
(0.25-1.0) 

0.190 3.04 

W45 35  35  
(10-85) 

21.188 24  
(10-40) 

8.938 0.37  
(0.25-0.6) 

0.132 1.72 

W56 16  10  
(08-60) 

5.744 35  
(10-50) 

16.725 0.44  
(0.25-0.6) 

0.125 4.03 

W67 30  35  
(10-50) 

13.645 24  
(10-80) 

17.976 0.50  
(0.25-1.25) 

0.264 1.85 

W78 39  21  
(8-50) 

12.311 19  
(10-75) 

8.882 0.54 
(0.25-1.25) 

0.282 2.8 

W89 51  23  
(10-63) 

16.668 19  
(10-83) 

9.872 0.54 
(0.25-1.2) 

0.264 2.29 

W90 31  23 
(8-35) 

17.606 23  
(14-68) 

9.045 0.52 
(0.25-0.8) 

0.116 3.1 

 

Table 5.1: Percentage of occurrence and characteristics (strength, depth and layer 

thickness) of temperature inversions in the Lakshadweep Sea during winter of 2002 – 

2009. The range of observations is given in brackets. Also the drop in SSS from 

November to February during each winter is presented. 

 

5.4. Governing Mechanisms 

 
The mechanisms responsible for the modification of the near-surface thermohaline 

structure in the LS due to the horizontal advection of low salinity and low temperature 

waters are examined utilizing the observed Argo T/S profiles. The deep isohaline layer 

(30 m) observed on 19th December, 2005 (broken line in Figure 5.4a, Argo Float 

ID.No:2900091) was modified into a shallow isohaline layer (20 m) by 29th December 

2005 (solid line in Figure 5.4a, Float ID NO: 2900091) due to the intrusion of low 

salinity waters into this region. Similarly, as a result of the intrusion of low 
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temperature waters, the corresponding temperature profile which does not show 

temperature inversion (dashed line in Figure 5.4b) was modified indicating the 

occurrence of inversion (solid line in Figure 5.4b). The amplitude of the near-surface 

temperature inversions depends upon the horizontal SST gradient between the LS and 

the intruding waters. The depth of occurrence of the near-surface inversion layer 

depends upon the vertical thickness of the near-surface isohaline layer.  

 

 
Figure 5.4: Formation of temperature inversion through horizontal advection of (a) 

low salinity waters and (b) cooler waters. 

 

All the previous studies have suggested that the temperature inversions in the LS occur 

due to (a) intrusion of cooler and low salinity waters from the BoB [Thadathil and 

Ghosh, 1992; Gopalakrishna  et al., 2005; Gopalakrishna  et al., 2008] and (b) 

penetrative radiation into the barrier layer [Andersen et al., 1996; Kurian and 

Vinayachandran, 2006].  Mechanism (a) will be active if the SST gradient between the 

intruding BoB waters and the LS waters is positive and the mixed layer is deep enough 

and (b) will be active if the mixed layer is shallow, when the shortwave radiation 

penetrates into the barrier layer below the mixed layer base. In the following sections 

the possible mechanisms are examined to identify the actual process responsible for 

the reduced number of observed inversions in the LS during W56. 

 

5.4.1. Anomalous background state of the Lakshadweep Sea 

 

In order to understand the role of background state of the LS, several parameters are 

examined. The observed evolution of TMI SST along the Kochi – Kavaratti XBT 

transect (shaded strip in Figure 2.1) during September – December is examined for all 
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the eight years (Figure 5.5). Usually a secondary warming occurs in the LS after the 

summer monsoon cooling [Colborn, 1980; Hastenrath and Lamb, 1979]. However, 

perceptible differences in the secondary warming are seen among all these eight years 

indicating strong year-to-year variability. The most noteworthy feature is the 

occurrence of unusually weaker secondary warming during October – November 2005 

unlike other years. This anomalous feature is also noticed in the near-surface 

temperature structure along Kochi – Kavaratti transect during October – November 

2005 (Figure 5.6). The cooling regime continued beyond the summer monsoon season 

of 2005 and persisted almost till the end of the year.  

 

 
Figure 5.5: Hovmoller plot of TMI SST (0C) along Kochi- Kavaratti XBT transect 

from September to December during 2002-2009. 

 

A typical temperature structure associated with temperature inversions from GODAS 

data (assimilated ocean data) is shown in Figure 5.7a. Just as in observations, 

temperature inversions are seen clearly in this assimilated data. The percentage 

occurrence of temperature inversions from the model output (numbers in brackets) 

observed in a region between 720 – 76oE and 80 – 12oN is listed in table 5.1.  As in the 

XBT observations the % occurrence of temperature inversions in the region of interest 

is fewer in W56. The GODAS temperature fields (Figure 5.7b) also shows weak 

secondary surface warming in 2005 as observed in the TMI SST. Therefore the heat 
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and salt budget terms derived from model assimilated fields can be used to interpret 

the various governing mechanisms. 

 

 
Figure 5.6: Snap-shot vertical temperature sections for the upper 125m along Kochi- 

Kavaratti XBT transect from September to February during 2002 – 2010. 
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Figure 5.7: (a) Typical temperature structure from GODAS in LS region showing the 

temperature inversions. (b) Temperature (0C) structure in the upper 100m averaged in 

the LS region. 

 

The governing mechanisms responsible for this observed anomalous weaker 

secondary warming in 2005 are examined. The surface winds and the surface turbulent 

heat losses play an important role in the cooling process of the surface mixed layer of 

the ocean through vertical mixing. The observed mean monthly wind speed derived 

from QuikSCAT for winter climatology and its anomaly for W56 is shown in Figure 

5.8. The positive anomaly of surface wind field is distinctly stronger during September 

2005 – January 2006 compared to the corresponding climatological wind filed 

particularly in the LS region. The net surface heat flux anomalies during September – 

December 2005 are also distinctly more negative (less heat gain by the ocean) in the 

LS compared to any other year considered in this study (Figure 5.9). Thus both the 

observed stronger winds and  decreased heat gain by the ocean during the post-
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monsoon season might have also contributed to the weaker secondary warming 

observed during October – November, 2005 in association with the prolonged 

upwelling till November 2005  (discussed in Section 4.5) in the snap-shot vertical 

temperature sections along the Kochi – Kavaratti XBT transect (Figure 5.6). This has 

resulted in a weaker horizontal SST gradient between the LS and the intruding low 

salinity waters from the BoB. Such a situation potentially contributes to the formation 

of reduced number of temperature inversions. The same is further confirmed with the 

GODAS product through the heat budget analysis of the upper 30 m layer in the LS.  

 

 
Figure 5.8: Evolution of QuikSCAT monthly mean climatology of wind speed (ms-1) 

during September – February (left panel) and wind speed anomaly (ms-1) during 

September 2005 to February 2006 (right panel). 
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Figure 5.9: Evolution of monthly mean climatology of NCEP net surface heat flux 

(Wm-2) during September – December (first panel) and net heat flux anomaly (Wm-2) 

during September 2002 to December 2009. 

 

Heat budget terms computed from GODAS reanalysis are shown in figure 5.10 for (a) 

2003/04 and (b) 2005/06. In mid May 2003, strong cooling tendency (In the upper 35 

m) in response to strong vertical advection of cool subsurface waters in association 

with upwelling (Figure 5.10a) is observed. This cooling tendency lasted until end of 

August. In 2005, the cooling tendency associated with upwelling started by early June 

and lasted until end of October, with brief fluctuations of warm tendency in between. 
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However, the vertical advection of cool subsurface waters associated with upwelling 

continued up to November. The cooling tendency during summer monsoon, in general, 

is supported initially by the net surface heat fluxes. After August the net surface heat 

fluxes support warm tendency of temperatures. Horizontal advection of heat played a 

neutral role for temperature tendency in summer monsoon months during both the 

years. Due to continued vertical advection of cooler waters even after September, 

2005, the temperatures in the LS region (Figure 5.7b) remained below 29oC even after 

the summer monsoon months. Even reduced net surface heat fluxes, might have 

played an important role in keeping the surface temperatures lower.   

 

 
Figure 5.10: Upper ocean heat budget terms derived from GODAS in the upper 0 – 35 

m (a) 2003/2004 and (b) 2005-2006. 

 

5.4.2. Intrusion of low saline waters from the Bay of Bengal  

 

The low salinities observed in the LS during winter are associated with both the 

intrusion of low salinity waters from the BoB and unusual high precipitation in the 

BoB. The observed variability of SSS along Kochi – Kavaratti XBT transect (Figure 

5.11) is examined to understand its evolution during May 2002 – March 2010. The  
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Figure 5.11: Hovmoller plot of SSS (psu) along Koch-Kavaratti XBT transect. Black 

dots indicate station locations. 

 

Hovmoller field of SSS along Kochi – Kavaratti XBT transect clearly shows the 

evolution of seasonal cycle in conformity with the earlier published climatologies 

[Locarnini et al., 2010]. The seasonal cycle is characterized by the appearance of low 

(high) salinity waters during winter extending into pre-monsoon (summer monsoon 

and extending into post-monsoon) with decreasing (increasing) values towards 

southwest coast of India (Kavaratti / Amini Islands). This high salinity noticed in the 

vicinity of Kavaratti/Amini Islands is attributed to the horizontal advection from the 

northern Arabian Sea. The observed drop from November to February in WOA09 

[Locarnini et al., 2010] SSS climatology along the Kochi – Kavaratti transect is 1.6 

psu. Interestingly the present observations show a much greater drop of 4.03 psu 

during W56. As hypothesized earlier by Gopalakrishna et al. [2005], this large 

freshening is primarily attributed to the heavy fresh water input into the BoB thereafter 

is intruded into the LS through river discharges and rainfall in the BoB during the 

preceding summer monsoon and winter monsoon seasons. On the year-to-year time 
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scale, the most dominant signals noticed are the occurrence of low salinity waters 

during W56, W90 and W34 among which the freshening is greater during W56.   

 

The vertical temperature/salinity (T/S) profiled by Argo floats in the study region 

(colored circles shown in Figure 5.1) are examined to comprehend the evolution of 

near-surface T/S structure during W56. During November 2005, the salinity is 

uniformly high and varied between 34.5 psu and 35.9 psu (black lines in Figure 5.12) 

except the left extreme profile (black line, of 29 November 2005) which showed a 

dramatic decrease (32.2 psu) indicating the arrival of low salinity waters. With the 

progress of the season, the surface layer salinity further dropped and the strengthened 

halocline continued to persist till January 2006. In general, the observed salinities 

during W56 are much lower when compared with the corresponding climatological 

salinity profile (dashed line).  A comparison of available mean salinity profiles for 

each winter season (colored solid lines in Figure 5.12) further confirms that the 

vertical salinity values are much lower during all months of W56. The Argo salinity 

profiles during W56 also show shallow near-surface isohaline layers. This implies the 

occurrence of inversion layers at shallower depths during W56. In order to show this 

the corresponding Argo temperature profiles are presented in Figure 5.13A. 

 

 
Figure 5.12: Comparison of Argo floats (ID NOs: 2900530 and 2900091) snap-shot 

vertical salinity profiles for W56 (black solid lines) in the LS with corresponding 

climatology (dashed line) and available mean monthly salinity (psu) profiles (Blue 

lines for: 2004; Red lines for: 2005; Pink lines for 2006; Green line for 2007). 
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For example, during December 2005, the inversions are seen at depths ~25 m 

coinciding with the observed shallower isohaline layer. In broad agreement with the 

TMI SST (Figure 5.5) the observed composite of Argo and XBT (Figure 5.13B) 

temperature profiles also confirm that the secondary warming in the near-surface 

layers is weaker than the climatological normal (dark profiles) during October – 

December 2005. 

 

The low salinity waters that intrude from the BoB through the EICC and WMC 

determine the near-surface freshening in the LS region. In order to examine the year-

to-year variability of river discharges in to the BoB, we have used monthly total river 

discharges data for three major rivers Mahanadi, Godavary and Ganga which are 

situated along the east coast of India (shown in Figure 5.1). Among the years, the total 

river discharge during May to November is greater during 2003 (Figure 5.14) lending 

support to the observed excessive freshening in the LS during W34. However, though 

the drop in salinity was maximum during W56, the river discharge was moderate 

during 2005. Hence we have also looked into the precipitation over the BoB and LS 

during 2002 – 2009. The available GPCP satellite precipitation estimates over the 

southwestern BoB and the LS (for two boxes shown in Figure 5.15) also clearly show 

occurrence of more rainfall during June 2005 to February 2006 compared to the same 

period during the other years (Figure 5.15). The larger rainfall signal noticed during 

2005 – 2006 and 2003 – 2004 coincided with greater surface freshening during the 

following winter. While precipitation and the river discharges primarily control the 

freshening in the BoB and hence in the LS, the intrusion of these low salinity waters 

into the LS also depends upon the strength of the EICC and WMC. Though the total 

river discharge during 2005 was moderate compared with 2003, observed currents 

were strongest during 2005 thus advecting greater volumes of less saline waters from 

the northern BoB in to the LS during W56 (Figure 5.16).  Thus it is clearly seen that in 

addition to the influence of the river discharges, the cumulative rainfall and strong 

local surface currents have also contributed to the observed intense freshening noticed 

during W56 and W34. The salt budget analysis in the LS region, using GODAS clearly 

confirms the above arguments. The observed variability in the salinity of the model in 

the 30 m layer in the LS region in January/February is primarily determined by the 
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horizontal advection of low salinity waters in W56 and more fresh water flux in 

November/December. (Figure 5.17A and 17B) 

 

 
Figure 5.13: Comparison of (A) Argo float (ID NOs: 2900530 and 2900091) snap-

shot vertical temperature profiles (0C) for W56 in the LS (floats locations shown 

Figure 5.1), corresponding climatology (dashed lines) and (B) individual XBT profiles 

(light shaded lines in the left panel) and climatology (0C) (dark lines in the left panel) 

and station locations (right panel) during October – December 2005 in the LS. 
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Figure 5.14: Comparison of total river discharges (m3) (May to November) for the 

rivers Mahanadi, Godavary and Ganga during 2002-2009 

 

 
Figure 5.15: Boxes considered for comparison of total June to February rainfall (top 

panel). Histograms showing total rainfall (mm) (June to February) over (i) LS and (ii) 

south western Bay of Bengal (SWBoB) for the years 2002 – 2009. 
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Figure 5.16: Monthly mean near-surface currents (ms-1) (Ekman and geostrophic) 

(arrows represent current vectors and the background color represents current speed) 

derived from QuikSCAT winds and AVISO T/P merged anomalies for November to 

February during 2002 – 2009. 

 

5.4.3. Temperature gradient between Lakshadweep Sea and the intruding Bay  
of Bengal waters 
 

It is well known that the low salinity waters that intrude from the BoB into the LS are 

cooler than the local ambient waters [Luis and Kawamura, 2002]. The horizontal SST 

differences between these two regions, the vertical haline stratification, the strength of 

EICC and WMC determine the amplitude of the observed temperature inversions. 

These temperature inversions can only occur when the BoB surface waters are both 

fresher and cooler than the near-surface ambient waters in the LS. To test this 

hypothesis the SST differences between the two selected boxes representing the LS 
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and the intruding BoB waters shown in Figure 5.18 is examined for eight winters. The 

SST of box B is much lower than that of box A (positive gradients) during all the eight 

winters thus clearly indicating that the waters from the bay that enter the LS are cooler 

than the LS ambient waters. However, during W56 the difference was very weak 

during December 2005 – January/February 2006 suggesting that the SST of the 

intruding waters from the bay is of comparable magnitude of the SST of box A. This 

weak horizontal gradient in SST has resulted in the occurrence of reduced number of 

temperature inversions during January – February 2006 as shown in Figure 5.3.   

 

 
 

Figure 5.17: (A) Salt budget terms (salinity tendency, horizontal and vertical 

advection) derived from GODAS in the upper 35m in LS region and (B) freshwater 

flux.  
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Figure 5.18: Boxes selected to examine the SST difference between the BoB and LS 

(top panel). Time series of SST differences (0C) between the boxes B and A during the 

winter seasons of 2002 – 2009 (bottom panel). 

 

5.5. Summary  
 

The temperature inversions in the LS are very common during winter and they begin 

to appear from November – December and peak in January – February. The strong 

haline stratification in the LS is causative for the formation of these inversions. In 

spite of relatively stronger haline stratification observed in the LS region, a reduced 

number of temperature inversions have occurred in W56. Utilizing both in situ and 

satellite measurements and ocean re-analysis products several processes that are 

responsible for the reduced number of temperature inversions during W56 in the study 

region are investigated.  

 

The characteristics of the observed near-surface temperature inversions in the LS for 

eight winters (2002 – 2009) are analyzed utilizing repeat near-fortnightly XBT 

measurements. During W56 reduced number of temperature inversions (10%) has 
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occurred at relatively shallower depths (~10 m) compared to other winters considered 

in the study. Surprisingly this has occurred in spite of large drop of salinity (4.03 psu) 

at the surface salinity during W56 which is almost twice the observed drop during 

W89 (2.3 psu) where maximum number of inversions has occurred. This dramatic 

drop in salinity is attributed to the heavy rainfall over the southwestern BoB and the 

LS during June 2005 to February 2006 compared to the other years. The observed 

vertical salinity profiles in the southern region of the LS also suggest the intrusion of 

relatively low salinity waters favoring the occurrence of intense haline stratification 

during W56, where reduced number of temperature inversions has occurred at very 

shallow depths (~10 m).  

 
The salt budget analysis of the upper 35 m layer of the LS region has clearly suggested 

that the horizontal advection of low salinity waters from the BoB into the LS region is 

primarily responsible for the drop in the salinity in the study region. Even though these 

low salinity waters are advected in large (small) amounts during W56 (W34), 

relatively fewer (more) temperature inversions have occurred in W56 (W34).  

 

During normal years, off the southwest coast of India, strong upwelling is observed 

[Gopalakrishna et al., 2008] from May to September. Following the summer monsoon 

months, the secondary surface warming occurs in October – November in association 

with the deepening of the thermocline in November due to downwelling favorable 

wind stress curl and propagating Kelvin waves (Figure not shown). During winter a 

thin layer of low salinity and cooler water from the BoB is advected and results in the 

formation of temperature inversions in the LS. However, in 2005 the upwelling 

persisted unusually up to November, and the secondary warming in the LS was very 

weak. Due to this, the temperature gradient between the LS and the intruding waters 

from the BoB became very weak. This study highlights the importance of the 

secondary surface warming in LS region for the formation of temperature inversions. 

It also illustrates that despite the presence of large amount of low salinity waters from 

BoB in the LS, the advection of low salinity waters from the BoB may play an 

important role in the formation of temperature inversions only if they are relatively 

cooler than the ambient waters in the LS. Recently, Kurian and Vinayachandran 
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[2006], using model simulations have suggested that factors other than low salinity 

advection are responsible for formation of temperature inversions in the LS region. 

Our study, based on observations suggests that the background state of the LS prior to 

the arrival of low salinity waters is an important condition for the formation of 

temperature inversions. In a previous study Gopalakrishna et al. [2005] have suggested 

that anomalous low salinity water influx into the LS region is partly responsible for the 

observed greater number of temperature inversions in W34. However, in this study, we 

have shown that in addition to the above favorable conditions a strong secondary 

warming in the LS and the horizontal temperature gradient between the LS and the 

BoB are also important for the formation of temperature inversions. The observed SST 

during W56 in the LS is relatively cooler in November due to prolonged upwelling, 

stronger wind field and weaker net surface heat gain during the post-monsoon season 

compared to the other years. Thus the occurrence of reduced number of temperature 

inversions during W56 is primarily attributed to the weak horizontal SST gradient 

between the LS and the intruding BoB waters in spite of strong haline stratification. 



Chapter 6 

 Processes governing summer intraseasonal sea surface 

temperature variability  
 

6.1. Introduction 
 

Atmospheric intraseasonal variability in the northern Indian Ocean during summer is 

largely dominated by two phenomena: the 10-20 days westward propagating Quasi 

Biweekly Mode [Chatterjee and Goswami, 2004] and the 30-90 days northward 

propagating active and break phases of the monsoon [Goswami and Ajaya Mohan, 

2001]. The SST response to the latter phenomenon is larger [Sengupta et al., 2001; 

Duvel and Vialard, 2007] and will be the focus of the present chapter. Active phases 

are characterized by increased convection and rainfall over India, eastern Arabian Sea 

and the BoB, as well as a strengthening of the monsoon jet while break phases are 

characterized by increased convection and rainfall south of tip of India, a deflection of 

the low level jet southward and decreased winds over the Arabian Sea, India and the 

BoB [Goswami and Ajaya Mohan, 2001; Webster et al., 1998; Joseph and Sijikumar, 

2004].   

 

These intraseasonal atmospheric signals over the northern Indian Ocean largely arise 

from coupling between large-scale atmospheric dynamics and deep convection 

[Lawrence and Webster, 2002; Goswami, 2005] and impact surface wind and 

downward solar irradiance, therefore inducing intraseasonal fluctuations of net heat 

and momentum fluxes at the ocean surface. Analysis of microwave SST 

measurements revealed that these intraseasonal flux perturbations result in relatively 

large SST signals (10-20C) in the northern BoB and South China Sea [Sengupta et al., 

2001; Vecchi and Harisson, 2002; Duvel and Vialard, 2007; Vinayachandran et al., 

2012] but also in the Somali and Oman upwelling regions [Duvel and Vialard, 2007; 

Roxy and Tanimoto, 2007; Joseph and Sabin, 2008; Vialard et al., 2011] and close to 

the Southern tip of India [Rao et al., 2006; Ganer et al., 2009].  These SST signals  
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propagate northward along with atmospheric convection and surface flux perturbations 

[Vialard et al., 2011].  

 

Several modelling studies have assessed the mechanisms involved in the SST response 

to active and break phases of monsoon over the BoB [Fu et al., 2003; Waliser et al., 

2004; Bellon et al., 2008; Duncan and Han, 2009; Vialard et al., 2011; 

Vinayachandran et al., 2012]. Among these studies, there is a reasonable consensus in 

designating air-sea fluxes as the main driver of large-scale intraseasonal SST 

variations in the northern BoB, with a weaker and variable contribution from 

exchanges with the ocean subsurface (through vertical mixing, vertical advection and 

entrainment). Fewer studies [Rao et al., 2006; Ganer et al., 2009; Duncan and Han, 

2009; Vialard et al., 2011] have discussed the processes involved in the SST 

fluctuations associated with monsoon active and break phases in the Arabian Sea, and 

the emerging picture is somewhat different. Using observations, Rao et al. [2006] 

show pronounced intraseasonal cooling episodes in the so-called Mini Cold Pool off 

the southern tip of India and suggested that it is primarily caused by wind-driven 

divergence in the near surface circulation. Using a simple 2.5-layer thermodynamical 

ocean model, Ganer et al. [2009] however stressed out that low incoming shortwave 

radiation and strong latent heat losses were also responsible for these cooling in 

addition to wind induced Ekman pumping, but did not perform any quantitative 

estimation. Duncan and Han [2009] find an equivalent influence of intraseasonal 

variations of latent heat flux (driven by changes in wind speed) and of wind stress to 

the summertime intraseasonal SST variations in central and southern Arabian Sea 

(their Fig. 6). Using a coarse resolution regional ocean model, Vialard et al. [2011] 

suggested that wind stress intraseasonal variations are the primary factor driving 30-90 

days intraseasonal SST fluctuations, through modulation of oceanic processes 

(entrainment, mixing, Ekman pumping, lateral advection) in upwelling regions of the 

Arabian sea (Somalia, Oman and southern tip of India upwellings). 

 

Most previous studies investigated processes controlling SST variations over rather 

large regions but did not specifically address regions where the strongest SST 

variations are found (i.e. in upwelling regions). Aside from the Oman and Somalia 
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upwelling regions where the largest summertime intraseasonal SST fluctuations occur, 

Indian coastal regions also exhibit large SST variations, whose amplitudes are 

considerably larger than those found in the central parts of the BoB and Arabian Sea 

(Figure 6.1a). The goal of the present study is to investigate the mechanisms driving 

these SST signals in the LS which happen to be a region of summer intraseasonal SST 

variability maxima in the Indian coast. To that end, we will use an eddy permitting ¼° 

regional ocean model, that should allow to resolve details of the coastal processes (e.g. 

coastal upwelling) better than in the previous studies of Vialard et al. [2011] (1° 

resolution) or Duncan and Han [2009] (1/2° resolution) and in a similar way to 

Vinayachandran et al. [2012]. 

 

6.2. Datasets and methods 

 
The ¼° daily resolution optimally interpolated TMI SST data from Remote sensing 

systems (RSS) has been used owing to its ability to “see” through clouds [Wentz et al., 

2000]. The MLD and depth of the upper thermocline are two important parameters in 

the upper ocean response to forcing. We thus validate those fields in the model by 

comparison with the MLD climatology from de Boyer Montegut et al. [2004] and the 

25°C isotherm depth climatology derived from WOA2009 [ Locarnini et al., 2010]. 

These datasets however have a rather coarse resolution and may not allow to properly 

resolve details within the coastal region of India. We therefore also use repeat XBT 

measurements performed onboard passenger ships to sample Indian coastal margins. 

This dataset will allow us validating details of the model behaviour in the coastal 

regions. Apart from the XBT data collected along the Kochi – Lakshadweep transect 

in the west coast of India, the XBT transect is being repeated at monthly intervals 

since 1990 between Chennai and Andaman Island and Andaman Island and Kolkata 

(see tracks on Figure 6.4b) deploying 18-20 XBTs during each cruise. Model heat flux 

is validated against two recent datasets, largely derived from reanalysis products: 

OAFlux [Yu and Weller, 2007] and Tropflux [Praveen Kumar et al., 2010].  
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In complement of the model full surface layer heat budget, we will also provide 

diagnostics from a much simpler bulk mixed layer model, given by:
  

  (6.1)
 

cp
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t hCρ

Q
=T

0

∂
 

where Qnet=Q*+QS is the net surface heat flux and hc is a seasonal MLD climatology, 

obtained either from observations [de Boyer Montégut et al., 2004] or from the model 

climatology. Previous studies have indeed shown that such a simple model (that 

neglects both penetrative solar heat flux, intraseasonal MLD fluctuations and 

processes other than surface forcing) reproduces intraseasonal SST fluctuations 

reasonably well in the BoB and southern tip of India regions [Vialard et al., 2011]. 

 

We isolate intraseasonal signals in the model and observations using time-filtering. 

We use 30-110 day filtering using a simple filter based on Fourier filtering (the 

coefficients of the Fourier transform outside of the 30-110 day periods are set to zero, 

and the reverse transform is performed). We checked that using different filtering 

methods and slightly different band pass windows of the more classical 30-60 day 

window used for summer intraseasonal variability as in Goswami [2005] and Vialard 

et al. [2011] which gave qualitatively similar and quantitatively close results. 

 

In order to provide an overview of the typical signals associated with intraseasonal 

variations, we define a normalized SST index (the 30-110 day filtered average SST 

normalized by June-September standard deviation). Lagged regressions of the box-

averaged 30-110 day filtered parameters (e.g. wind, MLD, heat fluxes) within the box 

to this SST index give an overview of the typical signals associated with intraseasonal 

SST fluctuations (see, e.g. Figures 6.7 to 6.11). We also use regression to provide a 

quantitative estimate of the contribution of the various processes involved in the 

intraseasonal SST modulation. Time integrals of various terms in equation (2.3) 

filtered in the 30-110 day band (i.e. contributions of various processes, in °C) are 

regressed to the 30-110 day filtered average SST, thus providing the contribution of 

each process (in %) to the total intraseasonal SST variations. These coefficients are 

computed for the summer season (June-September) and provided in Table 6.2. They 

can either be positive or negative for a process that acts to amplify or damp the total 



Processes governing summer intraseasonal sea surface temperature variability        90 
 
variability.  

 

6.3. Model validation 

6.3.1. Intraseasonal atmospheric forcing and coastal SST signature 

 

The intraseasonal variability of heat and momentum fluxes from the model is 

validated with Tropflux dataset for the summer season (Figure 6.1). A strong jet across 

Arabian Sea, Indian subcontinent and BoB characterizes monsoon active phases, while 

break phases display a southward-deflected jet, located above the equatorial Indian 

Ocean [Joseph and Sijikumar, 2004]. As shown Figure 6.1a-b, these basic features 

result in three maxima of intraseasonal momentum and heat fluxes: in the region of the 

low-level monsoon jet in the Arabian Sea, in the BoB and in the equatorial Indian 

Ocean between 80°E and 90°E. The model accurately reproduces the spatial structure 

and amplitude of this intraseasonal forcing, except maybe in the Somalia upwelling 

region, which is not a focus of this study. 

 

 
Figure 6.1: June–September standard deviation of 1998–2007 30–110 day bandpass-

filtered net surface heat fluxes (W.m-2) from (a) Tropflux dataset and (b) model; wind 

stress modulus (in N.m-2.) from (c) TropFlux stress dataset and (d) model. 

 

The standard deviation of the 30-110 day filtered June-September SST from TMI and 

model is presented in Figure 6.2. Aside from the large-scale maxima of intraseasonal 

SST variability found along the Somali and Oman coast and the basin-scale signal 
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found in the northern BoB, local intraseasonal SST variability maxima are found along 

the Indian coast. In the following, we will focus on the specific region indicated by the 

frame drawn on Figure 6.2: the western coast of India, encompassing the LS region 

(73-77o E- 9-12o N). As shown on Figure 6.2b, the model reproduces reasonably well 

the spatial distribution of intraseasonal SST variability, although slightly 

underestimating its amplitude. 

 

 
Figure 6.2: June-September standard deviation of 1998–2007 30–110 day bandpass 

filtered SST for a) TMI observations and b) model experiment. Units are in °C. The 

red box indicates the study region: LS (73°E–77°E, 9°N–12°N). 

 

Figure 6.3 allows discussing the phase and amplitude agreement of intraseasonal 

fluctuations in the modelled and observed SST over the LS. The phase agreement of 

the model to observations is good, with a correlation of 0.82. The amplitude of 

summer intraseasonal SST perturbations is however underestimated by ~30% with 

amplitude ratios to observations of 0.69. This underestimation may be partly related to 

the underestimation of the intraseasonal net heat flux variations (Figure 6.2), but it 

could also be due to a misrepresentation of the upper ocean structure in these regions, 

which is an important factor controlling the amplitude of SST signature [Sengupta and 

Ravichandran, 2001; Vialard et al., 2011]. This aspect will be further discussed in 

section 6.3.2. 
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Figure 6.3: Average 30–110 days bandpass filtered SST for TMI (red) and model 

(black) for the LS region displayed in Figure 6.2. The correlation coefficient (r) and 

the standard deviation ratio of model against observations for the JJAS period are 

indicated. The JJAS period is highlighted by grey shading. Units are in °C. 

 

6.3.2. Background oceanic structure  

 

Accurately simulating intraseasonal fluctuations of wind and heat fluxes neither 

guarantees a good representation of the intraseasonal SST variability nor a realistic 

estimate of the different processes contributing to it. Indeed, a proper representation of 

the oceanic background state is also required. The depth of the upper thermocline 

controls the temperature of the water that can be upwelled to the surface. The MLD is 

an important parameter because it sets the propensity of the surface layer to respond to 

atmospheric fluxes. Figure 6.4 hence provides a comparison of the upper thermocline 

depth (estimated from the depth of the 25°C isotherm, D25) between model and 

observations in the northern Indian Ocean during the June to September (JJAS) period, 

based on a climatology built from in situ observations. Figure 6.5 compares the 

modelled MLD with the observed MLD product of de Boyer Montégut et al. [2004].  

 

The model reproduces the main features of the observed D25. The low-level monsoon 

jet in the Arabian Sea results in a deep D25 on its right hand side (~120 m) (owing to 

Ekman convergence). Conversely, it generates a much shallower D25 on its left (~40 

m), due to Ekman divergence. The model also shows the signature of upwelling in the 

LS and in the Sri Lanka Dome region [Vinayachandran and Yamagata, 1998]. On the 

other hand, the model suffers from a bias in the eastern equatorial Indian Ocean where 
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the D25 is about 40 m deeper than in the observations. Similarly, the model produces a 

distinct patch of deep D25 in the Great Whirl area (53°E, 8°N), which is not seen in 

the observed product. This may be linked with the too coarse resolution of the 

observation grid. These two regions, however, are not the focus of the study and these 

biases are unlikely to affect our conclusions. 

 

 
Figure 6.4: June–September climatological values of the 25°C isotherm depth from 

(a) the WOA09 database [Locarnini et al. 2010] and (b) the model. The thick black 

lines on panel (a) indicate the XBT transect used for validation purposes: Kochi – 

Lakshadweep (KL, 72°E–76°E, 10°N–11°N), Port Blair – Kolkata (PK, 93°E-

88°E,11.5°N-21°N ) and Chennai – Port Blair (CP, 82°E–92°E, 11°N–12°N). The red 

box on panel (b) indicates the LS. Units are in meters. 

 

The mixed layer of the central Arabian Sea is generally deeper compared to central 

part of the BoB due to the stronger winds in the Arabian Sea [Prasad, 2004]. The 

model reproduces this contrast, with in particular a shallower MLD observed in the 

northern BoB. However, model and observed MLD datasets disagree in coastal 

regions, where the model simulates a shallower MLD than the one inferred from the 

observation. Coastal MLD values in the LS are about 15 m in the model but exceed 25 
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m in the observed dataset. This discrepancy could arise from a model deficiency in 

properly simulating the ocean stratification close to the coast, but may also be related 

to observational issues.  

 

 
Figure 6.5: June-September climatological values of the MLD based on a density 

criterion from (a) de Boyer Montegut et al. [2004] and (b) the model. (c) Number of 

individual profiles per month and per 20x2° box used to calculate de Boyer Montégut 

et al. (2004) MLD climatology. The thick black lines indicate on panel (a) the XBT 

transect used for validation purposes: Kochi – Lakshadweep (KL, 72°E–76°E, 10°N–

11°N), Port Blair – Kolkata (PK, 93°E-88°E,11.5°N-21°N ) and Chennai – Port Blair 

(CP, 82°E–92°E, 11°N–12°N). The red box on panel (b) indicates the LS. Units are in 

meters. 

 

Figure 6.5c shows a map of the number of profiles used to calculate the MLD 

climatology in from observations. While the number of profiles in the central part of 

the Arabian Sea and BoB are relatively large (between 10 and 25 per 2° by 2° box per 
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month), very few observations are available in the coastal regions. The numerous 

missing values along the coastal regions are filled using an ordinary kriging method, 

[de Boyer Montégut et al., 2004] which could generate an overestimation of the MLD 

along the coasts and consequently could explain the discrepancies between model and 

observed estimates.  

 

To specifically investigate this issue in the coastal ocean, we make use of the repeated 

XBT measurements performed in the coastal regions surrounding India along the three 

specific sections indicated on Figure 6.6 (i.e. in the LS and in the western and northern 

BoB) and compare the seasonal cycle of the coastal MLD estimated from this dataset 

to the model outputs. Both MLD calculations in this case are performed based on a 

temperature criterion (the depth where the temperature reaches SST-0.2°C) due to the 

lack of subsurface salinity data along these XBT transect. However, it is unlikely that 

salinity stratification strongly affects the MLD during the summer season as barrier 

layer is virtually absent along the coast of India with the exception of the northern 

BoB where barrier layer of ~10-20 m depth can be found [Thadathil et al., 2008].  

 

The MLD climatology for the LS region (Figure 6.6b) shows a contrasted evolution 

from the coast to the open ocean. An annual periodicity dominates the MLD 

variability along the coast: the MLD shoals during spring and summer reaching 10 m 

depth in August and deepens during the later part of year, reaching a maximum depth 

of 50 m in December. In contrast, away from the coast, the MLD displays a semi-

annual periodicity, with shoaling in spring and fall and deepening in summer and 

winter (maximum in August). As suggested by Gopalakrishna et al. [2010], this east-

west contrast may be attributed to different mechanisms controlling the MLD seasonal 

variations: within the coastal waveguide, the MLD changes are largely driven by the 

thermocline vertical movements, whereas the MLD evolution towards the western 

edge of the transect are mainly affected by the buoyancy forcing by the atmospheric 

fluxes such as the latent heat loss due to monsoonal winds [McCreary and Kundu, 

1989; de Boyer Montégut et al., 2007b]. These subtle seasonal MLD variations are 

accurately captured by the model (Figure 6.6a). The model is in particular able to 

simulate the shoaling of the MLD in summer along the western Indian coastline and 
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the contrasted MLD behaviour from east to west. Table 6.1 further provides 

quantitative estimates of the mean coastal MLD / D25 for model (14 m / 25 m) and 

observations (12 m / 21 m) during summer season, illustrating the realism of the 

model background state in this region. 

 
 

Figure 6.6: Seasonal cycle of the MLD, computed from a temperature criterion (SST-

0.2°C) for the model (left column) and XBT data (right column) along the XBT 

transects displayed on Figure 5a: KK: Kochi-Kavaratti top panel), western BoB (CP: 

Chennai-Port Blair, middle panel) and northern BoB (PK: Port Blair,-Kolkata, bottom 

panel). Units are in meters. 
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Region Model  XBT 
Kolkatta MLD 22 19 

D25 71 66 
Chennai MLD 31 34 

D25 72 75 
Kochi MLD 14 12 

D25 25 21 
 

Table 6.1:  Climatological MLD and D25 during summer season (JJAS) from model 

and XBT observations in the northern and central BoB, and in the LS (see figure 6.4a 

for locations).  

 

In the western and northern BoB, the observations display a similar MLD evolution as 

the LS MLD, with an annual periodicity close to the coast and a semi-annual 

periodicity away from the coast (Figure 6d and 6f). The maximum deepening of the 

coastal MLD occurs in January, while a shallow MLD is observed from April to 

October. Away from the coast, there is a secondary deepening developing during 

summer monsoon. The model captures the annual and semi annual periodicity of MLD 

respectively close to the coast and further offshore, with a slight underestimation of 

the offshore MLD deepening during summer monsoon (Figure 6.6c and 6.6e). In the 

northern BoB (Figure 6.6e), the model output shows very shallow MLDs all year long. 

This area is not sampled by the observations, which typically do not exist shoreward 

of 21°N. The summer mean values of the MLD and D25 in the northern BoB also 

agree quantitatively well (Table 6.1, 20 to 30 m for MLD and ~70 m for D25).  

 

6.4.  Processes controlling the intraseasonal  SST variability 
 

The agreement between the model and observed climatology (MLD, D25) and 

intraseasonal forcing discussed in the previous section is reasonable enough to allow 

us investigating the mechanisms of intraseasonal SST variations along the coasts of 

India with some confidence. The black curve in Figure 6.7 shows the typical time-

evolution of an intraseasonal SST event in the LS. Figures 6.7 to 6.11 show the typical 

variations of key-oceanic parameters (heat fluxes, wind stresses, MLD and D25) and 

time integrated heat budget terms associated with those SST variations, and allow 
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understanding the key processes in the LS. 

 

 
Figure 6.7: June-September lag-regression coefficients of each process contributing to 

the 30-110 day filtered mixed layer heat budget to the normalized 30-110 day filtered 

SST in the LS. This figure hence shows the typical time-evolution of SST (black 

curve) for an intraseasonal SST event in the LS, and contributions from various 

processes. Units are in °C. 

 

Figure 6.8 shows the typical surface heat flux fluctuations associated with 

intraseasonal SST variations in the LS. Intraseasonal net heat flux variations have 

typical amplitudes of ~20 W.m-2 for the LS. The amplitude and phase of the model 

intraseasonal net heat flux agree generally well with OAFlux and TropFlux (with 20% 

weaker heat flux fluctuations in the OAFlux). This analysis suggests that shortwave 

fluctuation is the first contributor to the overall heat flux variability in the LS, 

shortwave contributing to as much as 75%. Latent heat flux perturbations explain most 

of the remaining variability.  

 

 
Figure 6.8: 30-110 day bandpass filtered net heat flux and related components 

regressed to the normalized average 30-110 day bandpass filtered SST in JJAS, 

averaged over the LS. Units are in W.m-2. 
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Figure 6.7 displays the respective contribution of oceanic and atmospheric processes 

to intraseasonal SST in the LS, while Table 6.2 summarizes these contributions. The 

heat flux atmospheric forcing is the main contributor to SST variations (red curve on 

Figure 6.7; 109%, of the SST variations in the LS). Oceanic processes only represent a 

weak negative contribution (-9%, Table 6.2) to the intraseasonal mixed layer heat 

budget in the LS region.  

 

SD (°C) 0.19 

Atm. processes 109 % 

Oceanic processes - 9 % 

Lateral advection NA 

Vertical mixing -12 % 

 

Table 6.2: Standard deviation of the SST and the regression coefficients of the time 

integrated 30-110 day filtered intraseasonal tendency terms to 30-110 day filtered SST 

fluctuations. By construction, the second and third lines add up to 100%, and the last 2 

lines show the decomposition of oceanic processes into lateral advection and vertical 

mixing. Only values significant at 99% are shown. Insignificant regression 

coefficients are indicated by NA.  

 

Figure 6.9 allows explaining the marginal role of oceanic processes in the LS region. 

Intraseasonal SST fluctuations are associated with large wind stress perturbations of 

similar amplitude (Figure 6.9). Most of the intraseasonal wind variations are in the 

same direction as the monsoon flow in the LS that is broadly perpendicular to the west 

coast of India. The very weak along-shore intraseasonal wind stress variations are 

hence unable to drive any significant intraseasonal fluctuations in the LS coastal 

upwelling. This results in a weak contribution of oceanic processes (Figure 6.7a): 

intraseasonal SST fluctuations that are essentially driven by surface heat flux 

perturbations in the LS (see Table 6.2).  
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Figure 6.9: June-September lag-regression coefficients of the 30-110 day filtered 

model wind stress modulus, along-shore (positive when conducive to coastal 

upwelling) and cross-shore (positive inland) components to the normalized 30-110 day 

filtered SST in the LS. Units are in Nm-2. 

 

The amplitude of the SST response to intraseasonal heat flux variations is however 

sensitive to MLD. We therefore assess the sensitivity of our results to the MLD 

product by calculating the surface heat flux-related SST intraseasonal variations using 

the simple slab ocean model defined by equation (6.1). We obtain SST fluctuations of 

similar amplitude to simulated one (Figure 6.11a) when integrating the model heat 

flux over the model MLD. Correlation between slab ocean model results and modelled 

intraseasonal SST variations exceed 0.80C. These results suggest again that heat fluxes 

forcing dominate the SST signal, in agreement with the mixed layer heat budget 

analysis from the model. Intraseasonal variations of the buoyancy forcing and 

frictional velocity act to modulate the MLD at intraseasonal timescales. As shown on 

Figure 6.10, these fluctuations reach 2 meters for typical events but can be as large as 

5 meters for the strongest perturbations. The impact of these intraseasonal MLD 

fluctuations are thus investigated by comparing slab ocean model results using the 

actual model MLD and model climatological MLD.  Not accounting for intraseasonal 

MLD fluctuations results in a 10% to 20% decrease of the SST amplitude (Figure 

6.12a). This decrease can be explained in the following way: the MLD signal is 

roughly in phase opposition with the SST (Figure 6.10), with monsoon break phases 

being associated with both weak winds and positive buoyancy forcing anomalies. 

Taking into account MLD variations in equation 6.1 is hence going to decrease the 

effect of net heat flux forcing intraseasonal fluctuations. Using de Boyer Montégut et 
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al. [2004] MLD climatology in place of the model one shows that the overestimation 

of the summer MLD along the coast in this dataset leads to a strong underestimation of 

the SST amplitude, upto 20-30% for the LS. 

 

 
Figure 6.10: June-September lag-regression coefficients of the 30-110 day filtered 

model D25 (black curve) and MLD (red curve) to the normalized 30-110 day filtered 

SST in the LS. Units are in meters. 

 

 
Figure 6.11: Bar diagrams showing (a) the standard deviation ratio of intraseasonal 

SST variations calculated from a slab ocean model used for the LS (different MLD 

estimates (model MLD, climatological model MLD and de Boyer Montegut et al. 

[2004] MLD)) and (different heat flux estimates (Model fluxes, TropFlux product, 

OAFlux product)) to modeled intraseasonal SST. (b) Same as (a) but of correlation.  
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In contrast to the MLD dataset used, the amplitude of the SST perturbations appears to 

be less sensitive to the heat flux product used in the slab ocean model (Figure 6.11). 

The model and TropFlux heat flux data results in very similar SST perturbations 

amplitude, while SST amplitude is slightly reduced by ~20% in the LS when using 

OAFlux. 

 

6.5. Summary 
 

In this chapter, we have used an eddy permitting (¼°) regional ocean model for the 

Indian Ocean to investigate the main processes controlling intraseasonal SST 

variations in the LS which is a region of local intraseasonal SST maxima along the 

Indian coast as seen from the analysis of modelled and observed SST. The model 

intraseasonal heat flux and wind forcing and SST variability agrees well with observed 

estimates, although the model slightly underestimates coastal SST fluctuations. In 

addition, the model mixed layer and upper thermocline depth are in very good 

agreement with estimates derived from repeated XBT transect in the Indian coastal 

domain.  

 

The model mixed layer heat budget analysis shows that intraseasonal SST variability 

in the LS is largely driven by atmospheric heat flux variations. The contribution of 

oceanic processes is negligible as along-shore intraseasonal wind variations are very 

weak thus preventing upwelling intraseasonal fluctuations. Simple slab ocean model 

integrations show that the amplitude of intraseasonal MLD fluctuations enhance 

intraseasonal SST variations by 10% to 20%. The gridded MLD product derived from 

Argo data [de Boyer Montégut et al., 2004] underestimates boreal summer MLD in 

Indian coastal regions due to a lack of observational coverage, resulting in a 20% 

underestimation of SST fluctuations in the LS. However, the amplitude of 

intraseasonal SST fluctuations is not very sensitive to the heat flux dataset, from 

TropFlux and OAFlux datasets giving similar results to our model.  

 
This chapter addresses the processes governing the intraseasonal variability of the SST 

in the LS. There have been several studies that diagnosed processes responsible for 
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SST intraseasonal variations during summer over the BoB. Vialard et al. [2011] 

suggest that air-sea fluxes are responsible for ~90% of the SST variations over the 

BoB, and that this number does not vary strongly from year to year. While 

observational studies generally do not quantify exactly the contribution of fluxes 

against other processes, most of them attributed a large part of the SST large-scale 

variations in the northern BoB to intraseasonal air-sea fluxes [Sengupta and 

Ravichandran, 2001; Duvel and Vialard, 2007] The Duncan and Han [2009] model 

study also suggest that air-sea fluxes (and more specifically latent heat flux variations) 

dominate SST variability in the BoB. The Vinayachandran et al. [2012] study show 

that air-sea flux dominates intraseasonal SST variations in the northern BoB, and 

suggest that salinity stratification plays a significant role in enhancing SST variations 

there by reducing the MLD, which is somewhat consistent with our results showing 

that the amplitude of the SST intraseasonal signal is sensitive to the MLD.  

 

There are to our knowledge no other studies on the processes of intraseasonal SST 

variations in the LS region. Our model has a higher horizontal resolution (1/4°) than 

Vialard et al. [2011] (1°), thereby fostering some confidence to look at relatively small 

coastal regions.  We have seen that there was a strong disagreement between basin-

scale MLD / D25 products and direct observations near the coast along ship tracks. 

One can also have doubts about the quality of air-sea flux close to the coast, where 

inflow of dry land air and sea-breeze effects may not be well resolved. There is hence 

probably a need for specific coastal observation networks, in addition to existing-basin 

scale observations, in order to support studies in coastal regions better. 

 

 

 

 

 

 



Chapter 7 

Summary and Conclusions 

 

7.1. Summary  

The thesis examines the intraseasonal to interannual variability in the LS using a 

near fortnightly data set collected using passenger ships. The previous studies that 

have addressed the seasonal cycle of hydrography and circulation [Sharma 1968; 

Ramesh Babu et al., 1980; Shetye, 1984; Shetye et al.1990, 1991; Muraleedharan 

et al., 1995; Shetye, 1998; Shenoi et al., 1999a; Rao and Sivakumar, 2000; Schott 

and McCreary, 2001; Shankar et al., 2002; Luis and Kawamura, 2004; Shankar et 

al. 2005; Schott et al., 2009] in the LS used climatology or one time hydrography 

observations. The present data set is first of its kind ever collected systematically 

for this region and provides a better understanding of the intraseasonal to 

interannual variability of the near surface thermohaline structure. 

The two most densely covered XBT transects, KK and KM in the LS between 

Indian mainland and Lakshadweep group of Islands are used to examine the 

variability of the near-surface thermal fields.  The LS exhibits a broad spectrum of 

variability ranging from intraseasonal to interannual timescales. The dataset 

confirms the seasonal cycle known from the existing literature. However, it also 

provides a new insight into the sub-seasonal variability in the LS. The sub 

seasonal variability observed is concentrated mainly in two time scales: 30-110 

days which is within the frequency domain of the MJO and a 120-180 days band. 

Considerable interannual variability is observed in the subsurface events and it 

shows an imprint of the role played by the baroclinic Kelvin and Rossby waves. 

The seasonal cycle of thermocline oscillations, SSH anomaly and dynamic height 

anomaly shows a westward propagation under the influence of the westward 

propagating Rossby waves.  

The interannual variability of upwelling close to the coast is examined using the 

depth of 250C isotherm. Among the years of study, 2005 was an anomalous year 
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where the upwelling was weakest but extending two months beyond normal. This 

anomalous event is observed using other independent observations; the pelagic 

fish landing, SST, SSH anomaly and the wind stress provided evidence to the 

occurrence of anomalous event during the summer monsoon of 2005. The 

equatorward alongshore wind stress which persisted in a transient manner beyond 

September 2005 has led to this unusually extended upwelling during summer 

2005. Also the relative role of local forcing vs. remote forcing is examined by 

correlating the D25 and SSH anomaly in the coastal box (shown in Figure 2.1) 

against the SSH anomaly and wind in the basin. The lag correlation analysis 

shows that the local wind stress from the west coast of India and southern coast of 

India has a greater influence on the interannual variability of upwelling along the 

west coast of India than the remote forcing from the equator. 

The extended upwelling observed during the summer 2005 has also influenced the 

formation of temperature inversions in the LS during the winter 2005 – 2006. The 

formation of temperature inversions was minimal during the W56. The primary 

causative mechanism for the formation of temperature inversions in the LS is the 

arrival of cooler and low saline waters from the BoB through prevailing surface 

currents. Hence the interannual variability of surface freshening in the LS is 

examined using the SSS data collected. The SSS shows the largest freshening 

during W56 with a drop of 4 PSU from November to February. However, this 

huge freshening did not lead to the formation of temperature inversions as 

expected. Hence, the SST gradient between the ambient waters in the LS and 

arriving waters from the BoB were examined. We have found that as a result of 

the extended upwelling, the LS remained cooler during the October – November 

of 2005. Thus, the temperature gradient between the arriving waters and the 

ambient were negative which means that the SST of the LS was comparable with 

that of the BoB. Hence, this study proved that apart from the freshening in the LS 

during the winter, the SST gradient between the basins also plays an important 

role in the formation of temperature inversions. The depth of occurrence of the 

temperature inversions appears to be dependent on the magnitude of freshening 

occurring in the LS (Table 5.1). The shallowest temperature inversions have 
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occurred during W56 and W34 when the surface freshening was the highest with 

a maximal drop of 4 PSU in SSS from November to February. 

This thesis also examines the processes governing the intraseasonal variability of 

summer SST. The role of atmospheric forcing vs. oceanic processes in governing 

the SST variability in LS is examined using simulations from an Ocean 

Circulation Model. The model is validated for the background oceanic structure 

using data from the repeat XBT transects in the LS and BoB. The SST variability 

in the LS appears to be driven by the atmospheric fluxes. The weak contribution 

of the ocean process in driving the SST variability arises from the fact that the 

alongshore component of wind stress is very weak during the summer monsoon 

season and hence it is unable to create any significant intraseasonal fluctuations in 

coastal upwelling. A simple slab ocean analysis showed that the amplitude of the 

variability is dependent on the MLD than the fluxes used. 

7.2. Conclusion and future perspective 

The LS is a very unique and dynamic region which has significant impacts on the 

climate of the Indian sub continent. The present study has examined the year-to-

year variability in the near surface thermal fields in the LS. However, lack of 

similar subsurface salinity data has restricted us from looking into the evolution of 

the barrier layer and the extent of the subsurface freshening. In spite of this 

shortcoming, we hope that this thesis would serve helpful to understand the 

complex dynamic and thermodynamic processes of the LS which in turn influence 

the large scale processes in the north Indian Ocean. 

In order to capture the intraseasonal to interannual variability of near-surface 

salinity structure and barrier layer thickness, we would like to initiate intense 

XCTD measurements in the LS. Such a comprehensive dataset would help us to 

understand the thermodynamic process of the LS in a better way. These dataset 

would also be useful to evaluate the performance of the OGCMs for this region. 

The role of temperature inversions in the evolution of the Mini Warm Pool can be 

better assessed with such comprehensive datasets. Also, the model results were 

used to examine the processes governing the summer intraseasonal variability of 
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the SST along the Indian coast. However, this study could be extended in future 

so as to examine the interannual variability of the SST during summer for the 

Indian coast and its possible relation with IOD and ENSO using the model results.  
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