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coast of India and its intrusion into the Bay of Bengal, during summer monsoon” 

is submitted for the degree of Philosophiae Doctor (PhD) in Physical Oceanography at 

the Geophysical Institute, University of Bergen, Norway. The work was carried out at 

Mohn-Sverdrup Center, Nansen Environmental and Remote Sensing Center (NERSC), 

Bergen and also during the last one and half year, at the Nansen Environmental 

Research Centre India (NERCI), Kochi, India. The thesis consists of an introductory 

part, where the motivation for this work is presented – giving a brief review of the 

previous papers dealing with the thesis topics, a summary of the three papers and 

conclusions - followed by the three papers, which forms the main thesis work. The 

three papers of my thesis are the following: 

 Paper I Validation of a hybrid coordinate ocean model for the Indian Ocean, 

George, M. S., L. Bertino, O. M. Johannessen and A. Samuelsen, 

Journal of Operational Oceanography, 2010, 3(2), 25-38 

Paper II Upwelling along the southwest coast of India during summer 

monsoon: Observations and Modelling, George, M. S., L. Bertino, A. 

Samuelsen, K. A. Joseph and O. M. Johannessen, to be submitted 

Paper III Modelling and observational study of the intrusion of Cold Pool into 

the Bay of Bengal in association with the summer monsoon, George, 
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to be submitted 
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Abstract  

Coastal upwelling regions are among world´s most productive areas, with high levels 

of primary productivity and fishery potentials. The southwest coast of India is a classic 

example of such an upwelling system during the boreal summer monsoon. By using a 

numerical model based on the Hybrid Coordinate Ocean Model (HYCOM) and 

observational data sets, this upwelling along the southwest coast of India and the 

associated Cold Pool that forms during summer monsoon are examined in detail. In 

the first paper, the model was validated for the north Indian Ocean using available in 

situ and satellite observations. The model simulation of the circulation patterns of the 

north Indian Ocean matched well with the observations. The surface and subsurface 

features were also simulated well by the model. Therefore it was concluded that it 

could be further used as a tool to study the upwelling system and its associated 

characteristics. Paper 2 analyses the interannual variability of upwelling along the 

southwest coast of India during a period of ten years from 2001 to 2010. The strong 

monsoon winds over the Indian Ocean have an impact on the circulation of the region. 

The alongshore component of the wind along the southwest coast of India strengthens 

during the summer monsoon. The influence this alongshore wind stress has on the 

upwelling along the coast is examined and found to be having a moderate correlation 

with the observed cooling. The study also implied the importance of remote forcing on 

determining the variability of upwelling in the region. The Summer Monsoon Current 

(SMC) carries a part of upwelled cold waters that form along the southwest coast and 

the locally upwelled waters from the southern tip of India into the Bay of Bengal. The 

final paper addresses this Cold Pool intrusion into the Bay of Bengal. During the break 

phases of Indian summer monsoon, the surface winds shifts southward and becomes 

stronger south of India and Sri Lanka. We examine a new hypothesis that enhanced 

open ocean upwelling occur in the Cold Pool region during these break phases, owing 

to the wind pattern and the study confirmed that this hypothesis is true. The analyses 

from the papers also proved the potential of HYCOM model to be developed into a 

forecasting tool for the study region. 
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Introduction 

 
 Indian Ocean, the third largest and covering approximately one fifth of the world’s 

ocean area is comparatively the less studied ocean than the Atlantic or Pacific. Nevertheless, 

it is physically the most complex system compared to other oceans, owing to its interactions 

with the monsoon system that affect the weather and climate of a considerably large area in 

the tropics (Schott and McCreary, 2001). Consequently it plays a major role in the resources 

(e.g. fisheries) and livelihood of billions of people inhabiting the area that comes under its 

influence. Even then, Indian Ocean was previously considered to have a less role in the 

climate variability. Until the recent decades, it was considered to have only a probable 

influence on the monsoon system (Schott et. al., 2009). Research in the past few years have 

shown that the Indian Ocean – especially its surface temperatures - has much more significant 

influence on the climate, in different timescales, not just within the region but on other areas 

of the globe as well (Schott et. al., 2009). 

 

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

winds, the effects of which reaches up to the subtropics of the southern ocean. The large-scale 

temperature difference between the ocean and land (land warms up faster during summer and 

cools down faster during winter) causes the monsoon winds and these winds change their 

direction between summer and winter. Based on the wind direction, the seasons are named as 

southwest/summer monsoon and northeast/winter monsoon. During summer monsoon (June–

September), the large-scale winds blow towards the warm land mass, from southwest 

direction (Fig. 1a) and during winter monsoon (November–February), the winds blow 

towards the ocean, from northeast direction (Fig. 1b). These seasonally reversing winds drive 

the ocean surface currents and cause a seasonal reversal in the major circulation pattern in the 

northern Indian Ocean (including both the Arabian Sea and the Bay of Bengal) (Schott and 

McCreary, 2001; Haugen et al., 2002a,b; Shankar et al., 2002; Schott et al., 2009).  

 The winds are much stronger during the summer monsoon and weaker during the 

transition periods (March–April and October). The Indian Ocean differs from other tropical 

oceans in one more aspect that it lacks sustained yearlong easterly winds along the equator. 
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The winds near equator have an easterly component only during the late winter/early spring, 

and have a semiannual westerly component during both inter-monsoons and a weak westerly 

annual mean. 

The northern Indian Ocean 
 The Indian peninsula splits the northern Indian Ocean into two basins; Arabian Sea in 

the west and Bay of Bengal in the east. Both are semi-enclosed basins, located in the same 

latitudinal belt and are forced by the monsoon winds. Nevertheless there are some striking 

differences between both the basins. The winds over the Arabian Sea are stronger than that 

over the Bay of Bengal, especially during summer monsoon. In the Arabian Sea, evaporation 

exceeds precipitation while in the Bay of Bengal precipitation exceeds evaporation. In 

addition, there is huge freshwater discharge into the Bay of Bengal from five of the world’s 

largest rivers (Brahmaputra, Ganga, Irrawaddy, Godavari and Mahanadi). The river runoff 

into the Arabian Sea is meager compared to that into the Bay of Bengal. The total annual 

continental runoff into the Bay of Bengal is 2950 km3 (Sengupta et al., 2006), runoff from 

Ganga and Brahmaputra being the fourth largest in the world; thus making the surface layer in 

the bay much fresher and stratified than that in the Arabian Sea.  

 After the onset of summer monsoon in June, as the wind becomes stronger, there is a 

decrease in the surface temperatures, with the Arabian Sea cooling rapidly (Vinayachandran, 

2004), whereas surface temperatures in the Bay of Bengal remain above 28 °C (Shenoi et al., 

2002). The tropical cyclones are more frequent in the Bay of Bengal than in the Arabian Sea, 

especially during the northeast/winter monsoon (Srikanth et al., 2012).  

 The inter-ocean exchange of thermocline waters in the Indian Ocean include: Agulhas 

leakage that transfers waters from Indian Ocean into the Atlantic Ocean; the transfer of 

Pacific waters into the Indian Ocean through the Indonesian Throughflow at around 12°S and 

through the Tassie Leakage south of Australia. Among this, the Indonesian Throughflow is 

the most significant and transports cold and fresh water into the Indian Ocean, with a mean 

flow of about 10 Sv (Sv = 106 m3/sec) with seasonal and inter-annual fluctuations (Gordon et 

al., 2010).  

 

Circulation in the northern Indian Ocean 

In order to set my thesis topic in perspective, here in this section I have chosen to give 

a brief summary of the Indian Ocean circulation. The monsoon circulation of the Indian 

Ocean is extensively studied, using observational data as well as numerical models and the 
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major surface circulation patters are well established (Schott and McCreary, 2001; Shankar et 

al., 2002). Figure 1c, d gives a schematic representation of the circulation patterns in the 

Indian Ocean during summer and winter monsoons. 
 

 
Figure 1. Taken from Shankar et al., 2002. The climatological wind stress over northern Indian Ocean 
during a) July (summer monsoon); b) January (winter monsoon) and schematic representation of the 
circulation in the Indian Ocean during c) July (summer monsoon); d) January (winter monsoon). The 
prominent currents are: Somali Current (SC), Equatorial Current (EC), Summer Monsoon Current 
(SMC), Winter Monsoon Current (WMC), East India Coastal Current (EICC), West India Coastal 
Current (WICC), South Equatorial Counter Current (SECC), East African Coastal Current (EACC), 
South Equatorial Current (SEC), Lakshadweep high (LH), Lakshadweep low (LL) and Great Whirl 
(GW). 
 

The currents along the Indian coast, equator and south of equator are well defined. The 

circulation in the northern Indian Ocean is mainly dominated by large scale Ekman drift. This 

is more prominent during summer, particularly in the Arabian Sea, where the Ekman drift 
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overwhelms the geostrophic flow, owing to the strong winds (Shankar et al., 2002). The 

currents are mainly eastward during summer and westward during winter seasons (Tomczak 

and Godfrey, 2001). A brief description of the current patterns is presented in this section.  

In December the Winter Monsoon Current (WMC, Fig 1d) develops in the 

southeastern Bay of Bengal. It flows westward as a major current during January-April with 

its axis about 5°N. WMC peaks during February (Shankar et al., 2002). The speed of WMC 

ranges from 0.3 m/s in the Bay of Bengal to 0.8 m/s in the western part of Sri Lanka 

(Tomczak and Godfrey, 2001). A part of WMC curves pole-ward and enter the southeastern 

Arabian Sea (Shankar et al., 2002). In March WMC starts weakening and dissipates by April. 

In summer, Summer Monsoon Current (SMC, Fig 1c) replaces WMC. It starts building up in 

May flowing eastwards (Shenoi et al., 1999a) and peaks during summer, with speeds in the 

range of 0.5-1.0 m/s. The SMC intrudes into the Bay of Bengal (Vinayachandran et al., 1999) 

persisting till September and dissipating by October at the end of the summer monsoon 

period. 

South of the equator, between 8°S and 16°S latitudes, South Equatorial Current (SEC) 

flows westward throughout the year, with speeds about 0.3 m/s (Schott and McCreary, 2001). 

At the western end it splits into two branches, one flowing northward and the other towards 

south, feeding to the coastal currents along the African coast. The South Equatorial Counter 

Current (SECC) flows eastward and lies between equator and SEC. It peaks during February 

with speeds ranging from 0.5-0.8 m/s in the west and lower speeds in the east (Shenoi et al., 

1999a; Tomczak and Godfrey, 2001). 

The East African Coastal Current (EACC), which flows northward throughout the 

year and Somali Current (SC), which reverses its direction during monsoons are the two 

major currents along the African coast (Schott and McCreary, 2001). The westward flowing 

SEC feeds the EACC and the EACC flows northward and feeds into the eastward flowing 

current. The EACC reaches its peak in April-May with speeds reaching up to 2.0 m/s 

(Tomczak and Godfrey, 2001). The SC flows southward during winter (Fig. 1d) and 

northward during summer (Fig. 1c). Southward flow of SC starts in early December with 

speeds reaching up to 1.0 m/s and along with the EICC feeds into the SECC (Schott and 

McCreary, 2001; Shankar et al., 2002). During March-April, SC reverses its direction and is 

fed by EACC from south. In summer SC becomes the strong northward flowing jet in the 

Arabian Sea with the speeds reaching about 3 m/s (Tomczak and Godfrey, 2001). During this 

time of the year, two anticyclonic systems also develop associated with the SC - Great Whirl 

(GW) between 4°N and 10°N and Southern Gyre (SG) about 4°N.  
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The two major currents along the coast of India are the West Indian Coastal Current (WICC) 

and East India Coastal Current (EICC) (Fig. 1c,d). Along the west coast of India, WICC flows 

equator-ward during summer and pole-ward during winter (Shetye et al., 1991; Shenoi et al., 

1999a). In April the WICC starts flowing equator-ward and peaks during summer, 

transporting high salinity water from the northern parts of Arabian Sea into the southwest 

coast of India. The flow dissipates by October and by December the pole-ward flow reaches 

its peak phase (Shetye et al., 1991). The pole-ward flowing WICC is more organized and 

transports the low salinity water from Bay of Bengal (carried by EICC) to southeastern 

Arabian Sea.  

The EICC flows along the east coast of India, equator-ward during October–December 

and pole-ward during February–May (Shetye et al., 1993, 1996). During November, the 

equator-ward EICC peaks with speeds reaching 1.0 m/s (Tomczak and Godfrey, 2001). It 

turns around Sri Lanka and feeds into the WICC (which is in its initial pole-ward phase), 

transporting low salinity waters from Bay of Bengal. The reverse flow (pole-ward) starts by 

February and peaks in April (Tomczak and Godfrey, 2001). A detailed review on these two 

coastal currents and their intraseasonal variabilities could be found in Shenoi, [2010] and the 

references there within. 

 During winter, a well-defined high sea level forms off the southwest coast of India, 

which is known as Lakshadweep high (LH, Fig. 1d). It propagates westward as the season 

progresses (Bruce et al., 1994). LH and the associated anticylconic circulation play an 

important role in the thermohaline structure of the region (Shankar et al., 2002). During 

summer, a low in the sea level pattern replaces the LH and is known as Lakshadweep low 

(LL, Fig. 1c), which also propagates westward (Shankar and Shetye, 1997). 

The transition periods between summer and winter monsoons occurs in April and 

October. A strong eastward flowing current, known as Wyrtki jet/Equatorial jet (Wyrtki, 

1973) with speeds about 1.0 m/s occupies the equatorial Indian Ocean during the transition 

periods (figure not shown). The Wyrtki jet that forms during fall season are stronger than 

spring jet (Schott and McCreary, 2001).  
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Upwelling along the southwest coast 
The strong summer monsoon winds have a major impact on the ocean surface 

circulation of the region and its oceanographic characters (Fig. 1a). One such phenomenon is 

the upwelling during summer season. Upwelling along the south west coast of India during 

the southwest monsoon is a recurring phenomenon (Fig. 2).  

Figure 2. Schematic representation of upwelling and its intrusion into the Bay of Bengal as the Cold 
Pool, during the southwest monsoon. 
 

During the pre-monsoon (April-May), the northern Indian Ocean is covered by warm surface 

waters. In the southeastern Arabian Sea, the Indian Ocean Warm Pool (IOWP) forms during 

this time and it has a critical impact on the development of southwest monsoon (Joseph, 

1990; Rao and Sivakumar, 1999; Kurian and Vinayachandran, 2007). As the southwest 

monsoon sets in, these warm surface waters are replaced by upwelled cooler, oxygen depleted 

and nutrient rich subsurface waters (Johannessen et al., 1987, Fig. 3).  The uplift in the 

subsurface isolines (Johannessen et al., 1987) and low sea levels (Shankar and Shetye, 1997) 

are also characteristics associated with this upwelling.  
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Figure 3. Taken from Johannessen et al., (1987). Hydrographic fluctuations along the Kasaragod 
section (marked in Fig. 2) in the study during 1974, showing the shoaling of isolines, including the 
oxygen depletion over the shelf area, during the summer monsoon. 
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Although the stronger monsoon winds set in only by June, the upwelling signals are 

seen in the deeper depths as early as February (Shetye, 1984; Johannesen et al., 1987) 

probably caused by a Kelvin wave (Shankar and Shetye, 1997; Haugen et al., 2002a,b), 

propagating from the Bay of Bengal around Sri Lanka and northward along the southwest 

coast of India (further commented in the later section). Later during June-July, the near 

surface divergence caused by the strong alongshore wind is the most important factor, which 

leads to the upwelling (Shetye et al., 1985; Johannessen et al., 1987; Shetye and Shenoi, 

1988).  

Johannessen et al., (1987) using hydrographic data (collected during a collaborative 

fishery project between Norway and India), described the features of the upwelling along the 

southwest coast of India. They observed a shoreward lift in isopycnals (Fig. 3) indicating a 

southward flow near to the coast. During the southwest monsoon, they observed the shoaling 

of isotherms, sharpening of the thermocline and penetration of low oxygen water (Fig. 3). The 

temperature structure at 10m (Fig. 4) from their observations also showed that the 

temperatures reduced to less than 23 °C much lesser compared to the offshore temperatures. 

The surface salinities were low which could be explained by runoff, the extent of which is 

only in the upper few meters (Fig. 4) as the salinities at 10m suggest. The upwelling was more 

prominent towards south of the study region. The strong winds prevailing during southwest 

monsoon enhances the southward current, which caused the shoaling of isolines and 

Johanneseen et al., (1987) concluded that the upwelling was not only associated with the 

local wind, but also with the large-scale monsoonal conditions which drives the anticyclonic 

circulation in the Arabian Sea. Other studies have also established the local wind forcing as 

the primary force responsible for the upwelling, especially caused by the alongshore 

component of the wind and the associated Ekman dynamics (Shetye, 1984; Shetye et al., 

1985; Shetye and Shenoi, 1988; Smitha et al., 2008).  

Along with the local forcing – strong along shore components of the wind – remote 

forcing also play a role in the upwelling along the coast. Several numerical modelling and 

observational studies have shown the importance of remote forcing by Kelvin & Rossby 

waves, which originates from the equatorial Indian Ocean  
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Figure 4. Taken from Johannessen et al., (1987). Isopleth diagram for the Cochin section; 
temperatures at 10m, salinities at 0m and 10m showing the cooling induced by upwelling. 
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(McCreary et al., 1993; Shankar and Shetye, 1997; Haugen et al., 2002a,b; Han and Webster, 

2002; Rao et al., 2010). In the equatorial Indian Ocean, the zonal winds generate semi-annual 

sea level fluctuations (Clark and Liu, 1993), which triggers the equatorially trapped Kelvin 

waves. These Kelvin waves travel towards east, across the Indian Ocean, hits the Sumatra 

coast and then bifurcates; one part which gets trapped as coastal Kelvin wave along the 

coastal boundary of Bay of Bengal, and travels around Sri Lanka and enters the southwest 

coast of India (Yu et al., 1991; McCreary et al., 1993; Shankar and Shetye, 1997; Haugen et 

al., 2002a,b; Rao et al., 2010). They also trigger westward propagating Rossby waves off the 

eastern boundaries of both Bay of Bengal and Arabian Sea. However, Gopalakrishna et al., 

(2008) using XBT data in the Lakshadweep sea proposed that, in the southeastern Arabian 

Sea, the upwelling is influenced mostly by the remote forcing from the propagating coastal 

Kelvin waves from south Sri Lanka and the alongshore wind stress off the southwest coast of 

India than the equatorial forcing. 

 During May, the regions south of India starts cooling owing to coastal upwelling (Luis 

and Kawamura, 2002; Vinayachandran et al., 2003). Rao et al., (2006a,b) using multi-year 

averaged Tropical Rainfall Measuring Mission (TRMM) Microwave Imagery (TMI) data 

showed a cold patch of water less than 26°C, off the southern tip of India and named it Mini 

Cold Pool. They showed that large positive wind stress curl in the region drives this 

upwelling, and suggested that local upwelling can happen off the southern tip of India. Using 

observational data Smitha et al., (2008) also studied the upwelling conditions of the area. 

They concluded that the strong upwelling noted at the tip of India is primarily caused by the 

winds that are tangential to the coast.  

 The present status of the upwelling studies shows that the upwelling along the 

southwest coast of India can start as early as March, triggered by the coastally propagating 

Kelvin waves. During summer monsoon, the alongshore component of the strong winds take 

over and drives the upwelling along the coast and south of India and Sri Lanka, along with the 

large-scale circulation. Haugen et al., (2002a) showed that the there is a decrease in the 

intensity of upwelling during El Niño years, which was confirmed by Jayaram et al., (2010) 

using a satellite observation based study. However, it is not entirely clear, how much of the 

upwelling is caused by the local alongshore wind component; a topic which will be dealt with 

in Paper II of this thesis. 
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Cold Pool in the Bay of Bengal 
As mentioned earlier, strong monsoonal winds also drive the surface currents in the 

Indian Ocean. During the southwest monsoon, the Summer Monsoon Current, SMC (Fig. 1c) 

flows southeastward in the eastern Arabian Sea and it flows eastward around south of India 

and Sri Lanka. East of Sri Lanka, a part of the current turns eastward and flows into the Bay 

of Bengal. The SMC that brings the cool waters from the south of India and Sri Lanka into the 

southern Bay of Bengal plays a role in the salt/freshwater balance of the Bay of Bengal 

(Vinayachandran et al., 1999).  Joseph et al., (2005) using TMI data, showed the existence of 

a large tongue of Cold water in the Bay of Bengal in the latitude belt of 3-10°N and named it 

the Cold Pool of the Bay of Bengal (Fig. 5).  

 

Figure 5. Taken from Joseph et al., (2005). The composites (1998-2003) of SST (°C) from TMI during 
a) June, b) July and c) August. 
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This cold pool lies in between two warm water region; one in the equator and other in 

the northern Bay of Bengal. From TMI observations they showed that from June to August 

the temperature of the Cold pool decreases and attributed it to the possibility of the spreading 

of upwelled waters formed along the southwest coast of India reaching this region, favoured 

by the strong SMC. The Cold Pool generates a strong gradient in the Bay of Bengal SST, 

which could play a role in the generation mechanisms of active monsoon convection over the 

Bay of Bengal (Joseph and Sabin, 2008). Shankar et al. (2007) also established that there 

exists a strong relationship between convection and the meridional gradient of SST in the Bay 

of Bengal.  

 

Figure 6. Taken from Joseph and Sijikumar (2004). Figure shows the winds at 850 hPa from NCEP-
NCAR data. Left panel shows the composite of winds during active phase of monsoon and right panel 
shows the same for break phase. 

 

Monsoon has active-break cycles. During the break cycles, there is enhanced wind 

stress curl over the Cold Pool area, southeast of Sri Lanka. We hypothesize that this will 

cause enhanced upwelling in the Cold Pool region, in addition to the advected waters carried 

into the area by SMC. Over the Indian Ocean, a strong cross-equatorial wind jet known as 

Low Level Jet (LLJ) exists in the lower levels of the atmosphere, during summer monsoon, 

with its core around 850 hPa (1.5 km in height). The existence of this jet was established by 

Joseph and Raman [1966] and later by Findlater (1969). Joseph and Sijikumar (2004) 

showed that there is a shift in the axis of the LLJ closely associated with the active-break 

cycle of the monsoon. The surface wind over the ocean around 10 m height also follows a 

similar pattern as seen in the ERA-Interim data (figure not shown). 

Joseph and Sijikumar [2004] found that during active monsoon spells, the core of the 

LLJ passes through peninsular India between latitudes 12.5° and 17.5°N (Fig. 6, left) and is 

associated with a large area of strong convection in the Bay of Bengal and increased rainfall 
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over the Indian subcontinent. They found that when the convection weakens over the Bay of 

Bengal, the LLJ turns clockwise over the Arabian Sea and during the break monsoon that 

follows, the LLJ bypasses India and flows south of India with its core lying between latitudes 

2.5°N and 7.5°N. The break phase is characterised by decreased winds over India (and hence 

less rainfall over Indian subcontinent), Arabian Sea and Bay of Bengal and increased 

convection and rainfall south of India, along with enhanced wind and positive wind stress curl 

over the Cold Pool area. 

Present state of art is that the Cold Pool of the Bay of Bengal is caused by the 

advection of the upwelled waters along the southwest coast of India that are carried into the 

south central Bay of Bengal by the SMC (Fig. 2). The Cold Pool generates a temperature 

gradient in the SST of the bay, which could influence the active-break cycle of the monsoon 

over India, through ocean-atmospheric interactions. The strong winds over the Cold Pool 

region, during the break periods cause positive wind stress over the area and there could be a 

possibility of open ocean upwelling in the region due to this curl and also potential Ekman 

pumping due to existence of eddies in the region – a new hypothesis we have investigated in 

Paper III of this thesis. 

 

Summary and conclusion of the thesis 
 The main objective of the thesis is to advance the knowledge of cold water upwelling 

along the southwest coast of India and the intrusion of this upwelled waters into the Bay of 

Bengal, including open ocean upwelling in the Cold Pool region, by an integrated approach 

using observations and modelling. I have addressed this aim with the following three papers 

summarized below including conclusions. In the papers, we have used in situ data both from 

satellite and Argo float ocean profiling data and also the HYbrid Coordinate Ocean Model 

(HYCOM), which is explained more in detail in Paper I.  

 

Paper 1.  “Validation of a hybrid coordinate ocean model for the Indian Ocean”  

The HYCOM model was set up at NERSC, Bergen for the Indian Ocean. The model 

was set up for the whole Indian Ocean, of which data of the north Indian Ocean was analysed 

in detail. A validation scheme was developed comparing the model with available 

observations. The model runs have been validated with many satellite and in situ observations 

including the data from the Argo floating profiles. The surface currents, surface temperatures, 

sea level anomalies, the subsurface temperature and salinity patterns were compared with 
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observations. The model had warm waters, particularly in the sub surface region compared to 

observations. Even then it could simulate the surface currents, temperature and salinity 

patterns realistically. It was concluded from the validation results that the model gives a good 

comparison with the in situ and satellite data and can further be used to study the upwelling 

along the southwest coast of India and its intrusion into the Bay of Bengal as the Cold Pool 

during the summer monsoon. 

 

Paper 2. “Upwelling along the south-west coast of India during summer monsoon: 

Observations and Modelling” 

The upwelling along the southwest coast of India was studied by an integrated 

approach using both observations as well as an improved version of HYCOM. We examine 

the role of local forcing - alongshore wind component - in the upwelling along the coast. 

During summer monsoon, the strong monsoon winds along the south west coast of India 

causes upwelling of subsurface waters along the coast, these cold waters are carried by the 

strong summer monsoon ocean current around south of India and Sri Lanka into the Bay of 

Bengal. These upwelling and cold waters are well simulated realistically by HYCOM and 

compares well with TMI data. Thus a detailed analysis of influence of alongshore winds on 

the upwelling and inter-annual variability of the upwelling over the ten years from 2001 to 

2010 is presented in the paper. In conclusion, we found that there is only a correlation of 

about 0.4-0.6 between the along shore wind and sea surface temperatures near the coast (both 

TMI and HYCOM) for certain years, thus implying that the alongshore wind stress can only 

explain 16-36% (R2) of the upwelling that happens along the southwest coast of India. The 

study also implies that other remote forcing such as the large-scale wind driven circulation 

also plays an important role in the upwelling along the southwest coast of India. 

 

Paper 3. “Modelling and observational study of the intrusion of Cold Pool into the Bay 

of Bengal in association with the summer monsoon” 

The Cold Pool formed in the Bay of Bengal (due to the advection of the above said 

upwelled waters) is also a part of the upwelling that happens in the southern part of the north 

Indian Ocean. The Summer Monsoon Current (SMC) carries the upwelled cold waters into 

the Bay of Bengal during the summer monsoon season. These cold waters have an influence 

on the SST distribution in the Bay of Bengal. Also the strong winds along the southern part of 

India during the break cycles, which cause strong positive wind stress curl in the area, seem to 

have an influence in lowering the temperatures of the region. Thus the study focuses on 
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intrusion of these cold waters into the Bay of Bengal region and its inter-annual variabilities 

in relation with the summer monsoon, specially looking into its relation with the break period 

wind pattern. We have tested a hypothesis that enhanced upwelling can occur in the Cold 

Pool region, owing to the positive wind stress curl that forms during the break period of the 

summer monsoon. Seven cases of break phases occurred during the ten years of study period 

were analysed in detail and in conclusion the results confirmed our new hypothesis. 

 

 

Future perspectives 
 Upwelling is very important for the fisheries. Johannessen et al., (1987) showed that 

during southwest monsoon, when the oxygen depleted water moved to the shelf, the 

anchovies migrated towards the south of study area. The upwelling during summer monsoon 

makes the area one of the most biologically productive regions and contributes to large 

fishery potential of India (Madhupratap et al., 1994, 1996, 2001). From operational point of 

view, its only the Indian National Centre for Ocean Information Services (INCOIS) at 

Hyderabad, India that gives a potential fishing zone information - based on satellite data -

available to the fishermen. Through our model studies we have seen that the improved version 

of HYCOM is an useful tool which could be used as a forecasting tool. Our major future aims 

are to improve the knowledge of science of the area further and to test a data assimilative 

system along the southwest coast of India in small scale for short periods, which could be 

further developed and implemented as a forecasting system for the area.  
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