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Indian Ocean is an ideal region to study tne air-sea and land-sea

interactions due to its small size and unique geographical location. This

tropical basin, bounded in the north, comes under the influence of

seasonally reversing monsoon winds that makes it unique among the

world oceans. The most important climate system over the lndian Ocean

region is the southwest monsoon (SWM), which evolves through the

active interactions between land, atmosphere and ocean. Variations in the

SWM and associated rainfall have a significant influence on the life and

economy of tropical countries. The heating of the sea surface in the Indian

Ocean is very important for the onset and subsequent evolution of the

SWM (Webster et al., 1998). Hence, a comprehensive study on the

evolution of the ocean thennal structure is necessary to understand the air

sea interaction in this region and eventually to predict the SWM.

Sea Surface Temperature (SST) is the most important oceanic

parameter which controls the air-sea interaction processes. ln tropical

Oceans SST is of prime importance for driving the evolution of summer

monsoon (Godfrey et al., 1995). The warming of the southeastern Arabian
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Sea (SEAS) during pre-monsoon is important for the onset and advance of

SWM along the western parts of India (Vinayachandran et al., 2007b).

The variations in the warming of SST determines the intensity of the

monsoon on seasonal to interannual time scales. Also, the warming of

surface waters greatly influence the biosphere, especially the coral reefs

(Doval and Hansell, 2000; Abram et al., 2003; Borgne et a1., 2002; Sanna,

2006). Considering the location of the warm pool around Lakshadweep

Sea (LS), the effect of thermal variation on the coral reefs and biological

production seems to be crucial. Thus, it will be quite invoking to identify

the causative factors for wanning of the SEAS. studies conducted in the

SEAS could not explain the processes behind the fonnation of warm pool.

Recently, there has been an increased interest in understanding the role of

different oceanic processes in the onset of southwest monsoon

(Anonymous, 2001). The present thesis examines the dynamics and

thermodynamics of the SEAS using observational and satellite data.

Large areas of warmer waters (SST > 28°C), in the surface layers of

the tropical oceans strongly influence the development of depressions,

cyclones, El-Nino/La-Nina, Indian Ocean Dipole and other oscillations

ranging from 2-6 days and 30-60 days (Lau and Chan, 1988; Webster and

Lukas, 1992; Godfrey et a1., 1995; Saji et al., 1999). Thus, the ‘warm

pool’ have special place in the context of tropical weather and climate.

The largest and best studied warm pool is the lndo-Pacific warm pool.

1.1 Indo-Pacific warm pool

A large portion of tropical ocean with SST >28°C lies in the westem

Pacific and the eastem Indian Oceans, which is popularly known as Indo

Pacific Wann Pool (IPWP, Figl .1). Studies shows that, it is a region of deep

2
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atmospheric convection (Lau and Chan, 1986; Ardanuy et al., 1987),

convergence of surface winds (Rasmusson and Carpenter, 1982) and high

precipitation (Taylor, 1973; Weare et al., 1981). During the ElNino years, the

wann pool is found to migrate towards the east by about 4000 km. Also, the

SST over this region (l20°-160°E; 5°-15°S) was found to be positively

correlated to the Indian summer monsoon rain fall (Nicholls, 1983). The

Pacific component of IPWP has been extensively studied in the TOGA

COARE (Tropical Ocean-Global Atmosphere-Coupled Ocean-Atmosphere

Experiment) field program (Webster and Lukas, 1992), Godfrey et al.,

1998)), which enhanced our understanding of the air-sea coupling processes

in the west pacific. Compared to the Pacific counter part, the Indian Ocean

component of IPWP has received little attention.

1.2 Indian Ocean warm pool

Considerable area of the tropical Indian Ocean with SST> 28°C is

tenned as lndian Ocean Warm Pool (IOWP). It includes the equatorial

region east of 50° E, the Bay of Bengal and the eastem Arabian Sea. The

IOWP is established over the northern Indian Ocean during May

(SST>30°C, Fig.l.2g), which is highest anywhere in the world oceans.

The Arabian Sea (AS), attains higher (28°C or above) SST during

February—April and remains as the warmest spot in the northern Indian

Ocean (Fig.1.2 d, e and f). This wann SST patch in the SEAS has been

called as “mini wann pool” by Rao and Sivakumar (1999) and “SST

High” by Shenoi et al. (l999b). In the present study, this high SST

(>29.8°C) in the SEAS referred as Arabian Sea warm pool (ASWP).The

warming over this region starts in February (Fig.l.2d), intensifies during

March (Fig.1.2e), and reaches its peak during April-May (Figs.1.2f and

g). During May, the ASWP merges with the larger IOWP and maintains

3
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SSTs>30°C (Fig.l.2g).The strong winds during the onset and progress of

SWM lowers the SST below 28°C over major part of the Arabian Sea

(Fig.1.2h).

1.3 The Monsoon Onset Vortex and Arabian Sea SST

The wanning of SST in the Arabian pro-monsoon during (March—

May) Sea significantly affect the monsoon variability (Joseph and Pillai,

1984; Rao and Goswarni, 1988; Yang and Lau, 1998; Clark et al., 2000; Li

et al., 2001). The warm pool in the SEAS has a critical impact on the

monsoon onset over the peninsular India during late May or early June. The

cyclonic circulation associated with onset of southwest monsoon over the

peninsular lndia is termed as “monsoon onset vortex” (Ananthakiishnan et

al., 1968, Krishnamurti et al., 1981 and Vinayachandran et al., 2007b). The

onset vortex forms a region of convergence over the SEAS, and in tum

brings sustained rainfall over Kerala. In addition, the onset vortex also

accelerate the northward advance of southwest monsoon over India.

Seetaramayya and Master (1984), observed a patch of warm waters

(>30.5°C) in the SEAS, one week before the formation of onset vortex

during MONEX-79 (MONsoon EXpen'ment 1979). Kershaw (1985, 1988)

has used this MONEX-79 data in an atmospheric model to show that the

observed SST anomalies are useful for the prediction of the onset vortex

fonnation (depression) rather than simulations with climatological SSTs.

These studies have provided a relation between SST and monsoon onset in

the SEAS. Rao and Sivakumar (1999) found a distinct correspondence

between maximum SST in the SEAS and the genesis of onset vortex.

Shenoi et al. (1999b) have argued that the warming of the SST in the SEAS

is one of the conditions for the formation of onset vortex. Recent studies

using a model (Masson et al., 2005), satellite as well as Reanalysis datasets

4
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(Deepa et al., 2007) also suggest a relation between onset vortex and the

SEAS SST. While the warm SST patch invariably fonns every year, the

onset vortex does not show any such regularity (Rao and Sivakumar, 1999;

Deepa et al., 2007). The complex air—sea interaction associated with the

formation of onset vortex are yet to be understood.

1.4 Geographic location and Characteristics of the study Area

The SEAS, the southem part of the west coast of India experiences

seasonal reversal of winds and consequently, the upper layers exhibit

different oceanographic characteristics. The monsoonal winds over the

AS forces spectacular seasonal variations, particularly in the reversal of

boundary currents and occurrence of seasonal upwelling/downwelling.

During SWM, known as the Findlater jet (Findlater, 1969) extend from

the African coast to India (Ratnagiri, Fig 1.3a). Seaward of the wind jet,

the wind speed decreases causes negative wind—stress curl, which drives

the strong Ekman pumping. Ekman convergence is dominant towards the

southeast of the Findlater jet while the Ekman divergence in the northeast

leads to upwelling (Bauer et al., 1991). Thus the along shore wind stress

and wind stress curl (local forcings) are responsible for the occurrence of

upwelling through Ekman dynamics. The upwelling first appears in the

southern tip of India and progressively advances poleward in association

with the northward propagating upwelling coastal Kelvin waves during

the premonsoon season with a maximum off Kochi (McCreary et al.,

1993; Shankar and Shetye, 1997).

With the onset of the southwest monsoon, boundary currents along

the AS are reversed. The circulation in the interior AS is mainly

characterized by large scale Ekman drift, which is westward during winter

5
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and eastward during spring and summer monsoon seasons (Tomczak and

Godfrey, 2001). An oceanic gyre (the monsoonal gyre) does occur in the

AS basin (Schott, I983). Two anticyclonic eddies, the Great whirl (GW)

and the Socotra Eddy (SE) develop during this period (Figure l.3b): The

north equatorial current (NEC) is replaced by much stronger eastward

flowing Indian Monsoon Current (IMC). Shetye and Shenoi (I988)

compared the long shore wind stress and ship drift data along the west

coast of India and found that during SW monsoon, the local winds drive

the surface circulation. The surface currents along the west coast of India

during the SW monsoon is towards the equator, which shallows the

thermocline depth towards the coast (Shetye et al., 1990). During the

SWM, close to the coast, the sea level anomaly is negative termed as

Lakshadweep Low (Shankar and Shetye, 1997). The Lakshadweep Low

(LL) shifts westward and dissipates during the later part of the summer

monsoon.

During the northeast monsoon (November—February), the winds in

the SEAS are generally northeasterly (Fig.'l.3c). But, the coastal currents

flow poleward along the west coast of India, which is peculiar because

most of the eastern boundary currents normally change with the winds

(Mittelstaedt, 1986). The collapse of the southwest monsoon winds trigger

downwelling of coastal Kelvin waves that radiate along the Bay of

Bengal. The Kelvin waves, on reaching the western Bay, force an

equatonvard East India Coastal Current (EICC), which tums around Sri

Lanka to reach the west coast of India and flows poleward as the West

India Coastal Current (WICC, Fig l.3d). The EICC and WICC carry low

salinity waters from the Bay of Bengal (B0B) into the SEAS during

December-February. The intrusion of low-salinity water leads to strong

6
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salinity stratification and development of a barrier layer (BL, layer

between mixed layer and isothermal layer) in the SEAS (Rao and

Sivakumar, 1999; Shenoi et al., 1999b, 2004). The vertical distribution of

temperature in the SEAS also shows inversions (higher subsurface

temperature than that at surface) during December—February (Thadathil

and Ghosh, 1992; Shankar et al., 2004; Gopalakrishna et al., 2005; Shenoi

et al., 2005a). The circulation in the SEAS during this period is

anticyclonic around a high in sea level, known as the Lakshadweep High

(LH, Bruce et al. (1994); Shankar and Shetye (1997)). The anticyclonic

eddies, which develop in the SEAS during December, propagate

westward during following months (Bruce et al., 1994; Shankar and

Shetye, 1997). These eddies modify the hydrography of the region

through downwelling, and play an important role in the redistribution of

advected low-salinity water within the SEAS. The seasonally reversing

coastal and equatorial currents present in and around SEAS (Shetye et al.,

1991a; Schott and McCreary, 2001; Shankar et al., 2002) also have a

major contribution in setting up the hydrography through the advection

and redistribution of cold low-salinity water.

1.5 Earlier Studies

Using satellite derived weekly SST (Reynolds and Smith, 1994) for

1989, and weekly climatology, Shenoi et al., ( 1999b) have described the

seasonal cycle of the ASWP. A blob of high SST (28.5°C) appears in the

SEAS during early March, which is distinct from the larger IOWP. The

localized patch of high SST warms up further during March-April and

merges with the larger IOWP. However, the SST high retains its identity

and maintains a SST about 0.5°C higher than surroundings. Moreover, the

7
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SST high has its core (>3O°C) in the Lakshadweep Sea during last week

of May.

Shenoi et al. (l999b) argued that the downwelling associated with

LI-I (Bruce et al., 1994; Shakar and Shetye et al., 1997) and the low

salinity water in the surface layer provides the necessary background for

the warming of sea surface, leading to the formation ASWP. They have

observed a patch of low latent heat loss in the SEAS during January

February l989 from the NCEP/NCAR (National Center for
Environmental Predictionf National Centre for Atmospheric Research)

reanalysis data set. This patch disintegrates during March, when the blob

of high SST and the latent heat loss increase in the SEAS during April. In

addition, the net shortwave radiation is high along the Indian west coast

during February, spread over a much larger area including SEAS, which

was not present during March-April. Based on this, Shenoi et al., 1999b

concluded that the salinity stratification and the barrier layer formation

are the primary reasons for the development and growth of ASWP. It is

worth mentioning here that, Air-sea fluxes are not the primary reason for

the formation of ASWP.

Rao and Sivakumar (1999), using climatological datasets, have also

showed salinity stratification to be an important factor in the formation of

ASWP. They found that strong near surface stratification leads to shallow

mixed layer and consequently, the net heat flux is distributed over a thin

water column, resulting in the formation of warm pool. Their heat budget

analysis showed that the net surface heat flux and horizontal advection are

important factors. These two studies show that strong stratification and

resulting BL are the reasons for the fonnation of the warm pool in the

SEAS.

8
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Sanilkumar et al. (2004) showed that the horizontal extent of the

warm pool is controlled by the low salinity waters, while its vertical

extent and stratification is controlled by the intensity of heating and

thickness. The positive net heat flux in the AS results in net heat
accumulation in the SEAS.

Thermal inversion (TI), where the subsurface waters are warmer is

occurring at different parts of the world ocean. inversions forming below

the mixed layer (ML) can warm the overlaying water and deepen the

isothennal layer depth (Smyth et al., 1996). Tl’s are a stable winter

(December—Febmary) features of the SEAS (Thadathil and Ghosh, 1992).

The Arabian Sea Monsoon Experiment (ARMEX) observations (Durand

ct al., 2004; Shankar et al., 2004; Shenoi et al., 2005a; Gopalakiishna et

al., 2005) have provided a larger picture of spatio-temporal evolution of

TI. Based on the observations during ARMEX and a model study, Durand

et al. (2004), Shankar et al. (2004) and (Shenoi et al., 2005a) have argued

that the heating from subsurface lead to the formation of ASWP.

According to Durand et al. (2004), the vertical processes (entrainment,

mixing and vertical advection) heat mixed layer in the SEAS by l.l°C

during November—March, whereas the atmospheric forcing cools it by

0.3°C. The warming by vertical processes reaches its peak (0.4°C/month)

during mid-January to mid-February. By the end of January, heating from

vertical processes dominates over the cooling from atmospheric forcing,

and results in a net heating of the mixed layer. They have argued that the

heating via TI can explain the early appearance and warming of SST in

the SEAS. According to this hypothesis, the ocean plays an active role in

the formation of ASWP.

9
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The Coupled General Circulation Model (CGCM) study by

Masson et al. (2005), has not considered any contribution from TI to

the warming of mixed layer. Their model has shown the maximum

effect of BL on the SEAS SST (0.5°C) only in April, two months after

the peak in BL thickness. The CGCM results have also shown an

increase in precipitation (3 mm/day) during May, and an early (10-15

days) monsoon onset. Their salinity and mixed layer depth simulations

are in poor agreement with observations, where the model had a coarse

horizontal resolution of 2°C.

An Indian Ocean model of MOM4 (Modular Ocean Model version

4), suggested that salinity stratification is not responsible for the

formation of ASWP (Kurian and Vinayachandran, 2007). They found that

the contribution from temperature inversions to the warming of the SEAS

is negligibly small. They re-examined the surface fluxes and found a low

latent-heat flux over the SEAS during the winter monsoon to be

responsible for the warming. The winds are blocked by the Westem Ghats

and consequently the latent heat loss over the SEAS is much lower than

its surroundings, leading to the warming during February- March. The

inter-annual variability of SST over the SEAS is mostly driven by the

year-year variability of ocean-atmosphere fluxes.

Kumar et al., (2008) studied the role of heat flux and low salinity

plume in the formation and dissipation of the warm pool in the SEAS

using the Princeton Ocean Model (POM). They showed that the salinity

stratification is a favorable to the warm pool, especially in its horizontal

extent and degree of warming. Thus, the recent study also shows the

importance of low saline water in the formation of ASWP.

10
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1.6 Present Work

It is evident in the above discussion the low saline waters and

stratification in the SEAS are fundamental to the formation of ASWP.

Most of the earlier studies suggested that the low saline water is an

important pre-requisite for the formation of warm pool. The air-sea heat

fluxes are not considered to be the primary reason in the formation of

ASWP, which is important only during April-May. The present study

examines the importance of low saline waters and resulting barrier layer

in the dynamics of the ASWP using observational data.

The oceanic general circulation models (OGCM) are very useful for

exploring the processes responsible for the ASWP and their variability.

The circulation and thennohaline structure stimulated by an OGCM

changes a lot when the resolution is increased from mesoscale to macro

scale. For a reasonable simulation of the ASWP, we must include the

mesoscale turbulence in numerical models. Especially the SEAS is an

eddy prominent region with a horizontal dimension of 100 to 500 km and

vertical extent of hundred meters. These eddies may have an important

role on the evolution of ASWP, which has not been explored so far.

Most of the earlier studies in the SEAS showed that the heat build

up in the mixed layer during the pre-monsoon (March-May) is primarily

driven by the surface heat flux through the ocean-atmosphere interface,

while the 3-dimensional heat budget of the ML physical processes that are

responsible for the formation of the ASWP are unknown. With this

background the present thesis also examines the relative importance of

mixed layer processes that lead to the formation of warm pool in the

SEAS. Objectives of the present work are

ll
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a) To- understand the dynamics of the ASWP with particular

emphasis on the role played by salinity

b) To study the importance of mesoscale features on the evolution of

warm pool

c) To categorize various regions in the ASWP according to the

significance of each mixed layer processes

The content of the subsequent chapters are as follows. Chapter 2

describes the materials and methods used for this study. The hydrography

and circulation of the SEAS during the different stages of the ASWP is

described in Chapter 3. The importance of low saline waters and barrier layer

in the formation of warm pool is provided in chapter 4. The role of mesoscale

features on the evolution of warm pool is investigated in Chapter 5. The

processes involved in the collapse of the warm pool are described in Chapter
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Fig.1.1. Indo-Pacific warm pool. Data shown is climatological monthly
SST (°C) form world Ocean Atlas 2005 (Locamini et al., 2006)
climatology, during April. Contour interval is 2 below 28°C
and 0.5 above it. SSTs above 28°C are shaded in addition to
contouring. SEAS is marked by a red box.
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Materials and Methods

Q 2.1. Study Arca

‘Q 2.2. Observational Data

3 2.3. Climatological Data

§ 2.4. Satellite Derived Data
Q9 2.5. Methods

2.1 Study Area

The Arabian Sea, particularly the west coast of India, has a crucial

role on the weather, climate and fisheries of India. The southeastern

Arabian Sea (SEAS), in particular has several distinguishing features that

makes it a unique and dynamic region in the north Indian Ocean. The

Lakshadweep Island chain comes under this region, and the average depth

of the area is 3.8 km. The width of the shelf varies considerably with

narrow shelf at the south (~ 60 km off Cochin) and wider towards the

north. The SEAS exhibitsstrong seasonal variability in both hydrography

and circulation under the influence of seasonally reversing monsoon

winds. During the southwest monsoon (SWM) the surface currents flow

equatonivard and the thermocline shallows near the coast whereas during

northeast monsoon (NEM) the surface currents are poleward when the

thermocline deepens. During SWM, both remotely and locally forced

coastal upwelling in the SEAS brings cooler nutrient rich water into the

surface. This strong upwelling makes it a highly productive region and

contributes a major share towards the fish catch. Another important aspect
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related to SEAS is the formation of warm pool before the onset of the

SWM. The SST in the warm pool has been recognized as the important

oceanic parameter, which controls the air-sea interaction processes. The

evolution of SST in the SEAS during March—May has a critical impact on

the onset of the southwest monsoon over the country.

The study area includes the SEAS (region marked by the box)

represented by five transects between 8°N and 15°N (Fig.2.1) and the

observations were mainly focusing on the dynamics and thermodynamics

of the ASWP. Hydrographic stations between 8°- 22°N and 66°-76°E in

the AS have also been considered to explain the dynamics of the warm

pool. For representing the evolution of atmospheric and oceanographic

parameters two boxes are defined, one in northern AS and other in

southern AS (Fig.2.2). The oceanographic data for this study were

collected under the Ministry of Earth Sciences (MoES) programme

“Environment and Productivity Pattems of the Indian EEZ”

2.2 Observational data

The study was conducted as part of the Marine Research on Living

Resources Programme (MR-LR) to assess the environmental and

productivity patterns in the Indian Exclusive Economic Zone (EEZ),

funded by Ministry of Earth Sciences (Government of India). The MR-LR

programme was designed to assess and evaluate the marine living

resource by systematic collection of physical, chemical and biological

data from the seas around India (Arabian Sea, Bay of Bengal and the

Andaman Sea). The sampling was done at one degree intewal of

longitude along nine transects in AS viz, 8, 10, 11.5, 13, 15, 17, 19, 21

and 22 °N. The station having depth 200 m is considered as the coastal
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station. The hydrographic surveys carried out on board F ORV Sagar

Sampada during the winter (December, 2000), spring intermonsoon

(March-April, 2004) and onset of summer monsoon (May-June, 2005) are

used for this study.

2.2.1 Data collection and processing

Surface winds were monitored using the ship-bome automated

weather station. Sea surface temperature (SST) was measured using a

bucket thermometer. Conductivity-Temperaturedepth profiler or CTD

(Sea Bird Electronics, Inc., USA, model: SBE-911 plus, Fig.2.3) was used

to collect temperature, salinity and density profiles. The accuracy and

resolution for each parameter is given in the Table 2.1. Salinity values

from CTD were corrected using the values obtained from the Autosal

(Guildline, model 8400A) onboard. The data on temperature and salinity

measured at 1 m bin at each station were examined and outliers were

discarded manually. Only the quality-checked data on temperature and

salinity were used for processing. Horizontal advection due to the

pressure gradient was estimated using geostrophic method (Pond and

Pickard, 1983). For this computation, 1000db was considered as reference

level. For stations shallower than the reference level, the geostrophic

currents were computed following Howling and McLellan (1967) where

the dynamic height of the adjacent deeper station (>1 000db) are appended

below the depth of observation of coastal station.

2.3 Climatological Data

For describing the evolution of Arabian Sea Warm Pool (ASWP,

Chapter 1) and for the comparison of insitu temperature and salinity with

climatological data, the World Ocean Atlas 2005 (WOA05) dataset

18
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(Antonov et al., 2006; Locamini et al., 2006) was used. The computation

of temperature anomaly was carried using the high resolution World

Ocean Atlas 2001 (WOAOI) dataset. For short wave radiation, SOC flux

climatology was used.

2.3.1 WOA05 climatology

WOA05 is maintained by NODC (National Oceanographic Data

Centre), NOAA (National Oceanic & Atmospheric Administration), USA.

This consists of a set of objectively analyzed gridded (l° x 1°)

climatological (regardless of year) fields of in situ temperature, salinity

and many other oceanographic variables. Historical oceanographic

profiles of only selected surface data have been used in the objective

analysis. WOA05 fields are available at standard depths for annual,

seasonal, and monthly interval for the World Ocean. It also includes

associated statistical information on the observed oceanographic data

interpolated to standard depths.

2.3.2 WOA0l Climatology

WOA0l data used in the present work is an earlier version of

NODC world ocean data, with high horizontal resolution (1/4° x l/4°).

However, this version is available only for temperature and salinity in

ASCII format. WOA0l is created in a similar manner as that of WOA05,

using optimal interpolation. WOA0l data were used in this study to

compute the temperature anomaly (T') of in-situ observation.

2.3.3 SOC flux Climatology

The short wave radiation available from Southampton surface flux

climatology (version l.l) was used for the computation of surface flux in

the study area. Data is available for the air-sea fluxes on a global grid
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(1°xl°) in NetCDF format produced at the National Oceanographic

Centre, Southampton (N OCS).

2.4 Satellite Derived Data

2.4.1 TMI Sea Surface Temperature

Sea surface temperature (SST) from TRMM/TMI (Tropical Rainfall

Measuring Mission/TRMM Microwave lmager) is used for describing the

evolution and interanual variation of ASWP (Chapter 3). Also, this data is

used for the computation of temperature tendency described in section

2.3.1. TMI data are collected by Remote Sensing Systems at NASA

(National Aeronautics and Space Administration) under Earth Science

REASON DISCOVER Project. This dataset is freely available on a real

time basis (from December/1997 onwards), from SSM/I (Special Sensor

Microwave/Imager). The spatial coverage of TMI data is between 40°S

and 40°N, with a resolution of 1/4°. Data is available at daily frequency

and as mean maps with 3day, weekly and monthly frequencies. The

standard data format is binary.

2.4.2 AVISO/MSLA Sea Level Anomalies

For model evaluation (Chapter 4), sea level anomalies (SLA)

from a merged satellite product (Maps of Sea Level Anomalies

(MSLA) were used. Data is available on a real-time basis from

October/1992 onwards, with weekly or near weekly frequency. The

horizontal resolution of data is 1/3°. Data is available in NetCDF

format in public domain. Data for 1992-2002, obtained from AVISO

(Archiving, Validation and Interpretation of Satellite Oceanographic

data) is used for computing gesostrophic currents and to understand the

variation of SSHA.
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2.4.3 QuikSCAT Winds

In order to present the spatial pattern of winds in and around the

SEAS during winter (December) spring (March-April) and onset of

monsoon (May-June), Quil<SCAT (NASA SeaWinds scatterometer,

onboard QuikSCAT) winds were used (Chapter 3). This data has a global

coverage over oceans, at 1/2° spatial resolution. Data is available at daily,

weekly and monthly frequencies. Data is in public domain and is

available on a real-time basis from July/1999 onwards. The standard data

fonnat is NetCDF.

2.4.4 0AFlux data

Multidecade Global Flux datasets from the objectively analyzed air

sea fluxes (OA flux) project were used to study the air-sea fluxes in the

SEAS. The OA flux products were constructed from an optimal blending

of satellite retrievals and three atmospheric reanalysis. Daily fluxes were

computed from the optimally estimated variables using the COARE bulk

flux algorithm. Monthly products were made for the entire 49-year period,

where daily products are available from 1985 onward. The data sets are

freely available for non-commercial scientific research. The data
resolution is 1° x 1° and the available in netcdf format.

2.5 Methods
2.5.1 Mixed Layer Depth (MLD) and Barrier layer thickness (BLT)

The mixed layer plays an important role in the exchange of heat,

moisture and momentum between the atmosphere and the ocean. In view

of importance of MLD in the ocean, researches have developed different

techniques to determine MLD. The most accurate method of obtaining

MLD is by plotting profiles of temperature, salinity and density against
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depth and thereby determining the depth of isoproperty layer by visual

inspection. The distribution of physical properties within the upper layers

determines the criteria to define MLD. Visual inspection of temperature,

salinity and density profiles indicate that while the isohaline and

isopycnal layers are similar, the isothermal layer remains different. The

temperature and density at 5m is taken as a reference for determing the

MLD. This depth is chosen to eliminate any possible bias in the profile

due to skin effects at the ocean surface (Fairall et al., 1996). Majority of

the profiles in the present study showed that the properties at 5m are very

close to the surface. In this study, MLD is defined as the depth at which,

density rises by 0.2 units from the 5m depth value. Shetye et al. (1996)

and Madhupratap at al., (2003) used the same density criteria (0.2 kg/m‘3)

to define the MLD. The isothermal layer depth (ILD), the depth of the

top of thennocline, is defined as the depth at which temperature decreases

by 1°C (Sprintall and Tomczak, 1992; Kara et al., 2000; Rao and

Sivakumar, 2003). In location of thermal inversion, ILD is defined as the

depth at which the temperature at the base of the inversion layer is equal

to the temperature at the top of the inversion layer (Thadathil et al., 2007).

The barrier layer thickness (BLT) is defined as the difference between

ILD and MLD.

BLT =1LD-MLD

2.5.2 Heat budget in the MLD

The mixed layer temperature in the upper ocean is controlled by the

surface heat fluxes, horizontal advection, eddy diffusion, vertical mixing

and entrainment. The evolution of mixed layer temperature (T) can be

written as,
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GT/6t+[u15T/5x+v¢5T/8x]+w5T/52 =

[Q/hpc,.]+a/az(1<i.aT/oz)+ Ah(@2T/5X2 +@2T/5)/2)

where 577 51 is the rate of change in the mixed layer temperature,

”T6T/ ax + l""@T / ax is the horizontal advection,

A/I (52T / 513 + @2T / 53/2) is the eddy diffusion,

(W 577 52 +5 / 52 (Kb 5T/53)) is the vertical mixing and

entrainment tenn

and Q / h P CP is the surface heat flux.

2.5.2.1 Temperature tendency

The temperature tendency (577 5! ) was computed from the

satellite derived SST, because the ship could cover each observational

location only once, thus losing a finer temporal resolution of temperature

changes at any grid. Although the SST is not the exact representation of

mixed layer temperature, it is assumed that the temporal variation in the

mixed layer temperature is represented in the SST changes as well. The

TRMM Microwave imager (TMI) SST on a 0.25° x 0.25° grid was used

to get a time series at any location. The satellite data was derived in the

region 7°N-16°N and 69°E- 77°E for the period of observations. Linear

interpolation is done to avoid the data gaps at certain locations. Thus, the

tendency of the SST at all locations were computed from TMI SST data

on a two-day time interval. For example, the tendency of temperature on

23- March- 2004 was taken as,

GT/51‘ = (TMI24~03-4—TM122-03-04)/Zdays
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2.5.2.2 Horizontal advection

The horizontal velocity components 1‘ "' (us + "@)> W (V8 + vs) include

the geostrophic and Ekman velocity. Computation of geostrophic currents is

described in section 2.2.1. The Ekman components are computed from

observed winds using the equation,

a. = V0 cos(H/4 + ((l_I/Dr;).z) .<:("";DE ~=>

and

v. = Vosin(H/4 + ((n/De).z).e‘"’”E -=>

where V0 = 0-79><10'5 (W 2 /DE-f ), W is the wind speed (ms'l) and DE

(H./2.(Au f )is the Ekman depth, f is the Corilois force and AZ is the

eddy viscosity.

The advection is calculated by centered finite difference scheme. A

boundary value is provided from the observations at the domain edges. It

should be noted that since the observations on the individual grid faces

are done on separate days, the advection and diffusion component does

not represent the value for a particular time.

2.5.2.3 Surface heat flux

Q / h/OCP is the flux term in the heat budget equation, where Q is

the net radiation (short wave and long wave radiations, latent and sensible

heat fluxes. '0 is the density of seawater (1025 kgm'3), h is the mixed

layer depth and Cp is the specific heat of seawater (4300 j kg'1k") at

constant pressure.
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The surface meteorological parameters (wind speed, direction,

humidity, dry and wet bulb temperatures and atmospheric pressure) were

measured from all stations along the ship track using the shipboard

automatic weather station. These data were used for the computation of

long wave radiation, latent heat flux (LHF) and sensible heat flux (SHF)

using bulk formula for humidity and heat exchange as,

: pCdLt=U(qs _ qa)

:  — Ta)
where p is the density of air, Cd is the drag coefficient, Ly is the latent heat

of vaporization, U is the wind speed, qs is the saturated specific humidity

and qa is the humidity. Q5 is calculated using Clausius-Clapeyron

equation. The Cp is the specific heat capacity of air per unit volume, TS is

the sea surface temperature and Ta is the temperature above the sea

surface.

2.5.2.4 Eddy induced diffusion

The term A'1(52T/ 5x2 + 52T / 5Y2) is the eddy-induced diffusion.

The Kb and Ah are the vertical and horizontal eddy diffusion coefficients

in the mixed layer. The eddy-induced diffusion is due to the turbulent

transport of heat which can be written in the turbulent form as

"I571 '/ 617+ V'5T'/ 5}’ . In order to find the turbulent velocity in the surface

layer, the satellite altimetry data from the TOPEX/POSEIDON altimetry

(Qiu et al, 2004) was used. The SSHA is the deviation from the mean

geopotential height (dynamic height) and thus, assumes the removal of the

mean flow associated with the mean dynamic topography. Thus,
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remaining component is taken as the fluctuation of the mean flow

primarily driven by eddies and thus it provides u’ and v’ through the

geostrophic relation as,

1*‘ =-f/g (5 ssu/5 y)

v’ = f/g (dssn/5x)

where [1 is the Coriolis parameter and g is the acceleration due to gravity.

This assumption is valid only to the near surface, and not at depths where

baroclinic currents dominate. The density derived mean geostrophic currents

showed no reversal in the mixed layer. Thus the eddy induced surface current

is well represented in the mixed layer, which never exceeded 100m. The

eddy induced diffusion is computed fiom u’ , v‘ and T'.

2.5.2.5 Vertical mixing

The mixing in the boundary layer near the surface under a variety

surface forcing and mixing in the ocean interior due to internal waves,

shear stability and double diffusion. Mixing is also enhanced by the

contribution from shear instability which is a function of the Richardson

number. In this study the K-profile parameterization (KPP-hereafter)

given by Large et al. (1994) was used to find the mixing coefficients (Kh)

from the observed current and density of the mixed layer with a vertical

resolution of lm from the surface to the bottom of the mixed layer. The

KPP was perfonned within this mixed layer to find the vertical mixing

coefficient (K1,) according to the observed currents and density of the

mixed layer.
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Fig.2.l. Map showing the study region in the AS. The marked box
shows the southeastern Arabian Sea (SEAS) and dots
represent the hydrographic stations.
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AS and Southern AS
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Fig. 2.3. Rosette sampler with CTD sensors and Niskin bottles

Table 2.1. CTD sensors and specifications

Sensor Range Accuracy Resolution

Temperature -5 to 35°C i 0.001 °C 0.0002°C

Conductivity 0 to 7 S/m (0 to 70 i 0,0003 S/m
mmho/cm)

0.00004 S/m

Pressure Up to 10500m 0.015% of full
scale range

>l<>l<>l<*>l=>l<>l=>l<>l<>l<>l<>l<
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Hydrography and Circulation of the
Southeastern Arabian Sea

3.1. Evolution 0fASWP

3.2. Establishment of ASWP

2 3.3. Collapse of ASWP

3 3.4. lnterannual Variability ofthe ASWP
Q) 3.5. Conclusion

nto

The hydrography and circulation of the SEAS during December,

March-April and May-June are described in this chapter. The vertical

profiles of temperature and salinity interpolated from the data collected at

lm depth intewals from the hydrographic stations along 8°N, lO°N,

11.30°N, l3°N and 15°N are discussed in this section. The Evolution of

Arabian Sea warm pool can be explained based on the observations in the

SEAS during December, 2000. Similarly the mature and collapsing stages

of the wann pool are discussed in reference to the observations during

March-April, 2004 and May-June, 2005 respectively. Monthly averaged

satellite data of wind (QuickScat), SSHA (Topex/Poseidon), SST (TMI

SST) and climatology data of temperature and salinity (WOA05) for the

months of March, April, May, June and December, are also presented.

3.1 Evolution of ASWP
3.1.1 Hydrography and Circulation

The northeasterly winds that prevailed over the AS was stronger

(~7m/s) over western side and southern tip of India (Fig.3.2d) whereas
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SEAS generally experienced weak winds (~3m/s). The SST varied

between 28.2°C and 29.2°C, with meridionally aligned isotherms

representing the colder water along the northwestern region and warmer

water along the southeasteni region. Maximum SST (SST>28.8°C) was

centered on the LS region with an entire mixed layer warming (Fig.3.1a).

During this time, the coastal and open ocean variability of SST was

minimum. Satellite (>28.6°C) and climatological (>28.4°C) observations

of SST during this period showed patches of warm waters in the LS

region (Fig.3.2 a & b).The vertical structure of temperature along 8°N and

lO°N showed warm (>29°C) and relatively deeper (>60 m) isothermal

layer (Fig. 3.3 a & b). The 20°C isotherm was found at 110-120 m depth

at 8° and 10°N transects while it was deeper towards the coastal stations

of 13° and l5°N transects. A strong downsloping of isolines towards the

coast along these transects (l3° and l5°N) indicated an active

downwelling processes occurring in the upper 200 m (Fig.3.3 c & d).

The conspicuous feature in the SSS distribution was the occurrence

of low saline waters (<34) along the southwest coast of India (Fig.3.la)

dissipating (>36.4) towards offshore. This is in agreement with the

climatological SSS (<34.4 in the coastal region and >36.4 in the offshore

region, Fig.3.3c). However, the observed salinity was fresher and widely

spread in the SEAS than indicated by the climatology. The spreading of

low saline waters towards the coast (8°N and l0°N) in the upper 30 m

was evident from the strong vertical gradient (0.l5/ m ) (Fig.3.3 a & b).

The thickness of low saline water was maximum (30m) at 8°N and 74°E

indicating freshwater influx in to this region. Below 100 m depth, the

gradient was absent and the water column remained almost homogeneous.

Along 8°N, the offshore spreading of this low saline waters was seen up
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to 500 km from the shore, whereas along l0°N, it was narrow and limited

to 120 km. The waters near the coast showed considerable increase in

salinity (35.2) from that of 8°N. Along 15°N, waters with salinity > 35.8

was observed near the coast (Fig.3.3 c &d). Also the horizontal and

vertical gradients in the upper 50 m of the l3° and 15°N transects

appeared to be minimum. The density distribution showed the occurrence

of lighter waters along the shelf and denser waters offshore (Fig 3.10).

The density stratification was in accordance with the salinity distribution

in the surface layer. The high salinity (> 36.4) tongue from the open ocean

towards the coast suggested the intrusion of Arabian Sea High Saline

Water Mass (ASHSW). The salinity of ASHSW (20-60m) was found to

be modified by the effect of low saline waters in the coastal region.

Shallow MLD was the feature in the low saline region (minimum of

15 m) at 8°N & 75°E which increased progressively to >50 in in the open

ocean (Fig.3.4a). The barrier layer (BL) was thick (~ 40m) in the regions

of low saline water, while north of l3°N, it was thin (F i g.3.4b). The

barrier layer was completely absent in the open ocean region of the SEAS.

The spatial variation of temperature inversions (Stations with inversion

represented by red dots and profiles having subsurface temperature higher

by 0.2°C than the SST is considered for inversion study) in the SEAS is

shown in Fig 3.4.a. Inversions are observed in the shelf region between 8°

and l0°N in the depth range of 20 to 40 m.

The geostrophic currents derived from monthly mean of sea surface

height was used to understand the surface circulation in the SEAS

(Fig.3.5). In November, a narrow equatorward surface current is observed

along the entire east coast of India which bifurcates to an offshore and

alongshore component. The alongshore current flows along the west coast
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of India in the poleward direction (Fig.3.5). A high in sea level (5 to 10

cm) and the presence of an anticyclonic eddy is evidenced in the

circulation pattem in the south of the SEAS. The vertical section of

temperature and salinity along 8°N also supports the presence of the

anticyclonic eddy. The core of the eddy characterized by low saline

waters was located near 8° N & 74° E. The high in sea level (15-20cm)

during December (Fig.3.5) is probably the manifestation of anti-cyclonic

circulation between 7°N and l0°N.

3.1.2 Discussion

During December, the SST in the SEAS and especially in the LS

region is higher than surrounding waters. The satellite and climatological

data show patches of high SST, in the LS region. Cooling of northern and

southern AS, due to the cool dry northeasterly winds during December

was reported earlier by Luis and Kawamura, (2000) and Prasanna Kumar

et al., (2004). During the present study, the southem tip of India was

cooled by more than 1°C (SST<27 °C), while the cooling was less in the

SEAS. (Darbyshire, 1967; Banse, 1968; Shetye, 1984; Thadathil and

Ghosh, 1992; Antony et al., 2002; Prasamia Kumar et al., 2004;

Sanilkumar et al., 2004).

The winds over the SEAS are weak (~3m/s) in December. Thus

the isothermal layer (IL) and thermocline were mainly determined by

downwelling associated with the coastal currents and eddy. Banse

(1968) pointed out that the mean sea level along the coast rises sharply

from October to November due to the northerly flow. The vertical

temperature and salinity during the observation showed downsloping of

isotherms towards the coast indicating downwelling. This can be
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attributed to the anticyclonic circulation associated with Lakshadweep

High (LI-I). The LH is a large anticyclonic eddy that regularly appears

near the southwestern tip of India during NE monsoon (Bruce et al.,

1994). Development of LH associated with the anticyclonic circulation

is evidenced in the distribution of SSHA. The anticyclonic circulation

spreads the low saline waters up to the east of 72°E. Shankar et al.,

2002 showed that the anticyclonic circulation associated with LH cause

downwelling and modifies the vertical distribution of temperature and

salinity at 8° N

The presence of low saline water in the SEAS is attributed due to

the intrusion the Bay of Bengal water, as evidenced from the circulation

pattern along the westem Bay of Bengal and eastern Arabian Sea

(Fig.3.5). The geostrophic currents show a well organized EICC along the

western Bay of Bengal during Novernber-December in a narrow (100 km

width), stretch confined to the coast flowing along the east coast of India

(Shetye et al., 1993, 1996). The EICC is driven by the alongshore

pressure gradient, which overwhelms the winds during the northeast

monsoon (Shetye et al., 1991). But, the role of remote forcings (Kelvin

and Rossby waves) has been the new theories on the dynamic processes in

the region (McCreary et al., 1993, Bruce et al., 1994, Shankar and Shetye,

1997). The EICC turns around Sri Lanka and feeds into the WICC, along

the west coast of India (Shetye er al., 1991a). This is further evident from

the geostrophic currents derived from altimetry. The EICC transports

large amount of low-saline waters from BOB into the SEAS. The inflow

of BOB starts in early December (Shetye et.al, 1991; Shanker et al 2003),

when the westward Winter Monsoon Current (WMC) feeds into the

poleward WICC (Shanker.et.al, 2002).
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It is observed that the low saline waters were not present in the

SEAS north of 1O°N. According to Kumar and Mathew (1997), the

maximum extension of the low saline waters was 12° N in January. In the

present observations also, the presence of low saline waters were well

discernible upto 10° N and induced stratification near the coast,

overwhelming the deep MLD caused by the downwelling processes. The

presence of low saline water ultimately leads to the formation of BL.

Climatological datasets show a 25m thick BL in the SEAS during

November-January (Sprintall and Tomczak, 1992). In general, the

thickness of the BL varied from 10 to 40 m during December to March

(Rao and Sivakumar, 1999).

Tl was observed with the BL in the eastern side of the SEAS

influenced by the cold, low-saline waters, with in the BL. During the

present observation, only a few (four) exhibited TI. The magnitude of

inversion was about 0.5°C and the thickness varied from 20 to 40 m. The

SEAS is known to host thermal inversions during October-April, with

considerable variation in frequency, intensity depth and duration.

Observations show that TI was a stable seasonal feature and frequent in

the coastal waters (Thadathil and Ghosh, 1992).

3.2 Establishment of ASWP (March-April)
3.2.1 Hydrography and Circulation

The meteorological conditions (clear sky, high solar isolation and

weak winds) that prevailed in the SEAS during the observational period

represented the characteristic features of the spring inter-monsoon (SIM).

In March, the winds were northwesterly over AS (3m/s) and of weak

(Zm/s) over the southem tip of India (Fig.3.8a), which strengthened

(4m/s) in April (Fig 3.8b).
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Fig 3.6. shows the distribution of sea surface temperature (SST)

where warm water (30.2°C) was hugging the coast. The satellite and

climatological data on SST during March and April also shows a similar

feature in the coastal region (3.7.a). Satellite SST during March and April

was higher than the observed and climatological data (3.7 .b & d). The

satellite SST shows an increase of 1°C from March to April. A zone of

warm waters (>30°C) was noticed in the upper layers (<50 m) of the

SEAS near the shelf region (Fig .3.6a). The zone was approximately 50

km wide off Goa, 150 km off Mangalore, 320 km off Calicut and 220 km

off Kochi. The core of this wann water was centered on 10°N, 74° E (near

LS) with a maximum thickness (>30 m) along 1l.5°N. The interesting

feature was that the extension and thickness of the warm water coincided

with the low saline water. Another feature of the region was the shallow

ILD (30 m) and deeper thennocline (125 m) in all the transects, indicating

that the SEAS is still experiencing downwelling (Fig 3.9 a & 3.10).

The low saline waters (<34.2) in the upper few meters of SEAS

became shallower towards the north (Fig.3.6b). The isohalines were more

or less similar to isotherms and the thickness and extent were maximum

in south (8°N & l0°N) and gradually decreased towards north (Fig.3.6 b

& 3.10). The climatological SSS also showed the presence of low saline

water (<34.2) was confined to the shelf region (Fig.3.6.b). The offshore

spreading of low saline waters (<34.4) can be seen upto 500 km at 8°N,

700 km at l0°N, 270 km at l1.5°N, 250 km at 13 °N but only to 100km

at l5°N. The core of this low saline water was centered at 10°N and 74° E

coinciding with warm water. A tongue like distribution of high saline

water towards shelf (60 and 120) was noticed along l1.5° N, 13°N and

l5°N. The high saline layer below the surface was found to be thicker in
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the north SEAS than that of south. The density distribution identified

lighter waters along the coastal region and denser waters offshore

(Fig.3.6c). The isopycnals are exactly similar to isohalines indicating that

density of the sea water is controlled by temperature and salinity.

The isotherms, isohalines and isopycnals along 8°N showed a

downward shift (Fig 3.10 a, b & c) between longitudes 72-74°E and

slightly westward (69°E) along l0°N, which can be attributed to the

presence of eddy at these regions. Also the SSHA distribution confirms

the presence of eddy at this region (Fig. 3.13.0).

Depth of mixed layer varied considerably during the period, with

deeper MLD in the south (~30m) and shallow in the north (~20m)

(Fig.3.9a). MLD was deepened due to the anticyclonic eddy. Even though

the TI was absent during this period a thick barrier layer (25m) was

noticed in the low saline waters, which gradually decreased towards north

and south (Fig.3.9b).

The geostrophic currents derived from the monthly SSHA showed a

westward flow along the Sn Lankan coast (Fig.3.8 c & d). This was not

evident in SEAS, but the poleward surface current was intruding to the

SEAS. The SSHA showed positive anomalies in the SEAS during March

and April when the circulation was characterized by anticyclonic
circulation centered at 8°N and '72°E.

3.2.2 Discussion

The SEAS gets warmed up during March-April especially close to

the coast (30.2°C). The warm water (>30°C) was extended between 8°

and l5°N along the coast with great variation in thickness and spatial

extension. SST in the range of 29 - 30°C has been observed earlier in the
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SEAS (Ramesh Babu et al., 1980; Luis and Kawamura, 2003; Jossia

Joseph et al., 2005). The SST was higher than 30°C in the eastern and

southern part of the SEAS in March (Shenoi et al., 2005b). SST in the

range of 30.5°-31°C has also been reported during April, 2006 (Srinivas

and Dinesh Kumar, 2006).

During the present observation, the isothermal layer was confined to

shallow depth (30 m) and the thermocline was deeper (125m), which can

be attributed due to the active downwelling (November-February)

associated with the anticyclonic circulation around Lakshadweep High.

This deep thermocline (100m) during February was reported earlier by

Darbyshire, 1967. By March, the isothermal layer shawls (Ramesh Babu

et al., 1980) and reaches 50 m during April (Darbyshire, 1967).

TI was absent during March-April but a very shallow TI was

observed near the surface. The TI in the SEAS intensifies during J anuary—

February, declines in 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) and disappears subsequently. The shallow

Tl, developed near the surface during March-April, collapses with the

onset of summer monsoon (Shankar et al., 2004).

The interesting feature is that warmer waters are co-existent with

the low saline waters (<34.2). During December—January, low-salinity

water (30-34) intrudes from the B0B and splits into two branches in the

SEAS. One branch flows to the north along with WICC hugging the coast

(Shetye et al., 1991a) and the other extends in a northwest direction

(Shetye et al., 1991a; Shankar et al., 2004; Gopalakrishna et al., 2005). As

a result, the low-salinity water is a character of SEAS (Darbyshire, 1967;

38



W Jfyzfrograpliy anzffircufation oftfie Soutlieastern j4ra6ian Sea

Banse, 1968; Pankajakshan and Rama Raju, 1987). During February, the

low salinity water gets redistributed within the SEAS. The lowest salinity

observed during March is about 34 (Ramesh Babu et al., 1980; Shenoi et

al., 1999b, 2004; Gopalakrishna et al., 2005; Shenoi et al., 2005b). The

low saline water shows large variation in its thickness and spatial
extension. The maximum extension of low saline water was observed

along 8° and 10 °N. This is due to combined effect of noithwestward

WMC and westward propagating LH, which is clearly evident from the

geostrophic currents. Below 60-100 m, a layer of increased salinity was

due to ASHSW. The ASHSW separates the low saline surface waters

from deeper waters. During F ebruary-March, ASHSW core was found to

be situated around 50 m depth (Kumar and Prasad, 1994).

The seasonal cycle of SSS in the SEAS shows large influx of low

salinity water from the B0B during November-January (Darbyshire, 1967;

Rao and Sivakumar, 2003; Gopalakrishna et al., 2005; Durand et al.,

2007b). The variations in the surface currents and eddies make the spatial

distribution of salinity rich with fine structures (Shetye et al., 1991a).

During the observation, the low—salinity water was confined to the east of

69°E and to the south, of l5°N. Kumar and Mathew (1997) showed the

maximum extension of the BOB low saline waters up to 12° N in January.

Our observation shows the intrusion of low saline water was further upto

the l5°N and could be due to the massive influx from BOB during winter

2003-04. The surplus rainfall during an active monsoon could have

lowered the surface salinity in the LS during the following winter. The

drop in SSS can be as high as 3.4 following a good monsoon as compared

to a drop of 1.7 observed after a weak monsoon (Gopalakiishna et al.,

39



N }@zfrograpfzy anJCz'rculZm'on of tlie .5‘outfzeastem jl ra61'an Sea

2005). Also, there is considerable variation in salinity both in space and

time (Darbyshire, 1967; Shankar et al., 2004; Gopalakrishna et al., 2005).

3.3 Collapse of ASWP (May-June)
3.3.1 Hydrography and Circulation

During May, the winds were southwesterly in the open ocean

region (2 m/s) but became strong in the coastal region of AS in

northwest direction. During June, strong southwesterly winds (>10

m/s) were observed in the open ocean region and northwesterly winds

in the coastal region. The winds show a rapid increase in magnitude

from May to June.

The SST varied from 30.2° C to 30.6° C, with meridionally aligned

isotherms having higher temperatures in the northwest (Fig.3.l1a). The

surface isothennal layer was towards north region than the south. Satellite

and climatology SSTs showed a wann water region in the entire SEAS

which rapidly decreased (~ 2°C) in June along the coastal waters of the

SEAS. The thermal structure north of 10°N was vertically homogenous

(>30 °C) in the top 25m. In the regions south of l0°S, a temperature <30

°C was observed during this time.

The surface salinity was low in the south and relatively high (>35.8)

in the north (Fig. 3.11). Along 8° and 10° N, low saline water (<34.6) was

present between 72° and 75° E. The climatological salinity also showed

this low saline water (<34.8) in the south between 70-75° E. A strip of

high salinity water was observed between 50-100 In along 13° and 15° N,

whereas south of l3°N, the high salinity water was found.

The isothermal layer and thermocline along 8° and 10° N transects

were shifted upward towards the coast where the ILD was 30 m. The 20°
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C isotherm was also shifted to comparatively shallower depth along 8°,

10° and ll.5°N but was observed in deeper depths along 13° and 15°N

(Fig.3.15). During this time, MLD was greater than 30m in the north and

comparatively shallow (25m) in the southern SEAS.

The vertical distribution of temperature along 8°N exhibited a

gentle upsloping of isotherms towards the coast bringing up cold

subsurface waters to the surface (Fig. 3.11). The 25°C isotherm shifted

from 75m and reached the shallowest depth of about 30m. However,

downsloping of isotherms towards the coast was observed below 100 m,

which are typical signatures of undercurrent. The presence of low saline

waters (<35.2) in the continental slope further supported the undercurrent

in this region, which was absent north of l0°N. The distribution of

salinity along 8 and 10° N showed spreading of high saline waters

towards the coast. The high saline water present at the deeper depths

during the months of March-April was seen to be brought up by a depth

of 20m due the upward movement of subsurface water. The vertical

temperature along l0°N also indicated strong upwelling. The 25°C

isotherm was shifted from much deeper depth (115 m) to 40m. At l1.5°N

(Fig. 4), up sloping of isotherms was found below the subsurface depth,

but to the north of 1l.5°N, upwelling was absent.

Geotropic currents during May was weakly organized equatorward

flow along the coast. The sea level also showed negative anomalies in the

coastal side in association with the upwelling in the coastal stations. The

equator wards coastal current intensified during June (30cm/s). A low in

sea level (-20 cm) with cyclonic circulation was observed during the

month of June in the LS region (Fig.3. 13)
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3.3.2 Discussion

Very high SSTs (30.2 to 30.6 °C) were observed in the SEAS

during May-June. The SST was found to be maximum in the offshore

regions (30.6°C) and decreased towards coast (29.9°C). Many studies

were reported that, during late May and early June, the SST >30°C in the

offshore areas and tends to decrease towards the coast (Ramesh Babu et

al., 1991; Sanilkumar et al., 2004; Singh and Hatwar, 2005; Hareesh

Kumar et al., 2005), reaching values less than 29°C (Ramesh Babu et al.,

1991; Singh and Hatwar, 2005). The cooler SST near the shelf region was

mainly due to upwelling. The peak in SST in the SEAS was observed well

before the onset of the southwest monsoon, which as 30.8°C

(Seetaramayya and Master, 1984).

During May, the low-salinity waters retreat back to Bob, as salinity

water flows into the SEAS (Shenoi et al., 2004). The SSS increases from

southeast to northwest in the eastern Arabian Sea (Ramesh Babu et al.,

1991). The subsurface salinity maximum is weaker during May

(Darbyshire, 1967; Kumar and Kumar, 1996) and shallow (30-40 m;

Kumar and Kumar, 1996; Shenoi et al., 2005b), due to upwelling. In

northern part of the SEAS, the high-saline core was around 75 m during

May—June (Ramesh Babu et al., 1991).

With the onset of the SW, steady winds begin prevail over the north

Indian Ocean. The wind blowing parallel to the coast generates an

offshore transport and causes coastal upwelling between May to

September. Sub-surface isotherms and isohalines across the shelf

evidence the marked upwards deflection in concurrence with upwelling,

which is initiated even before the onset of southwest monsoon
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(Darbyshire, 1967; Banse, 1968; Ramesh Babu et al., 1991; Kumar and

Kumar, 1996; Luis and Kawamura, 2002b, 2003; Shenoi et al., 2005b)

and annihilates warmer waters near the coast. The upwelled water reaches

the surface in late May and persists up to July/August.

The alongshore wind stress and wind stress curl have been

identified as the most important local forcings responsible for the

occurrence of upwelling through Ekman dynamics (Shetye et al., 1985;

Shetye and Shenoi, 1988). The upwelling appears along the southwest

coast of India and propagate poleward in association with the coastal

Kelvin waves resulting in maximum upwelling off Kochi (McCreary et

al., 1993; Shankar and Shetye, 1997).

3.4 Interannual Variability of the ASWP

The evolution of warm pool in the SEAS is a continuous process,

which begins in December and slowly develops into a mature system. The

present study represents the different stages of the warm pool in the

SEAS. The thermal evolution from November to July is presented using

TMI-SST. The data of TMI SST against the observed SST from CTD

during December showed a good correlation (value) indicating strong

positive relation between the two. The monthly mean SST computed from

the daily TMI-SST data has been analyzed to delineate the spatio

temporal variability of the ASWP. The evolution of SST during

November to July along l0°N is shown for the years 2000-2001, 2003

2004 and 2004-2005 (Fig.3.l6). The ASWP exhibits large interanuual

variability among these years. The Hovmuller field of SST evolution

along 10°N also shows wide variations in the amplitude and extension of

the ASWP. The SST evolution in the SEAS is characterized by a mild

cooling (but temperature greater than 28.4°C) in January and a strong
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heating from February to May. During 2001, the warming in the SEAS

started from early February to mid May, after which SST gradualy

decreased. In mid May, SST >30.4°C is observed along 10°N. During

2004, SST reached its peak in mid April (>30.6°C). During 2005, the

warming event continued upto the last week of May and which was

stronger compared to the other years suggesting that warming was intense

during 2005. The warmer water during 2004 was for shorter time than

2001 and 2005. The early dissipation may be due to the commencement

of strong winds associated with the onset of SWM. This analysis clearly

shows that the warm pool forms in every year in the SEAS with varying

intensities. With the onset and progress of SWM, the wann pool collapses

but is highly related to the onset date and intensity of monsoon. The XBT

data in the LS over a period of five years from 2002 to 2006, showed the

occurrence of warm pool during March-May with minor differences in the

intensity (Gopalakrishna et al., 2008). Deepa et al., (2008) examined the

plausible reasons for the formation of onset vortex in the presence of

ASWP based on the data for the period 2000-05 and concluded that wann

pool was present during 200l,02,03 & 2005 and absent during 2000 &

04. This is contradicted by Sanilkumar et al, 2008, stating that, this might

be due to the early disappearance of the warm pool during the years.

3.5 Conclusion

This chapter presents a detailed description of the hydrography and

circulation of the SEAS during different stages of the ASWP. Most of the

features and structure of the temperature and salinity in the SEAS

evidenced in an in-situ observation similar to that from the climatology.

The salient features in the hydrography of the SEAS include the presence

of wann pool during March-May, intrusion of low-salinity and high
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salinity waters, presence of thick banier layer and the thermal inversion

during December. The SEAS has a seasonal cycle in salinity, with high

salinity water in the subsurface depth and low saline water in the surface

during December to April. Upwelling starts in May-June and

downwelling during December-March, in accordance with the eddies and

circulation. The upwelling promotes the annihilation of warm pool in the

SEAS. The circulation in the SEAS is characterized by the presence of

seasonally reversing coastal current and westward propagation of

anticyclonic eddies, which are driven by local and remote forcings.

Present study explains the mechanism by which the low salinity water

enters into the SEAS during December and March-April.
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Role of Salinity on the Evolution of
___ Arabian Sea Warm Pool

ento

4.1. Evolutionary Stage (December-January)

‘Q 4.2. lntermonsoon Spring (March-April)

§ 4.3.Conclusion

The AS exhibits distinct horizontal salinity gradients in the upper

layers during winter. The net loss of fresh water in the northeastem AS

(NEAS), due to excesses evaporation, and net fresh water gain in the

southeastem AS (SEAS) due to the influx of Bay of Bengal water

determines the salinity pattem of the SEAS. Thus the NEAS and SEAS

have contrasting salinity characteristics during the period. Many previous

studies showed that one of the mechanisms for the fonnation of the

ASWP is the occurrence of low salinity waters in the surface layers of the

SEAS. To understand the relative importance of low saline waters and

local air-sea fluxes on the formation of ASWP, a comparative study has

been conducted between NEAS and SEAS considering the hydrographic

stations along 17°, 19°, 21° and 22°N (Fig.x). Role of different

atmospheric and oceanographic parameters in the evolution of ASWP is

explored, defining the entire EAS in two boxes as NEAS (NBox) and

SEAS (SBox) the evolution of atmospheric and oceanographic parameters

two boxes are defined, one in the NEAS (NBox) and the other in the

SEAS (SBox, Fig.2.2). Monthly average data of SST (TMI-SST), wind

(QuickScat), flux data (OA and SOC flux) fluxes are used in this study.
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4.1 Evolution of ASWP
4.1.1 Results

The SST varied between 25.5° and 29.2°C, having colder water in

the NEAS and warmer water in the SEAS (Fig 4.1). SST in the SEAS was

greater than 28.6°C with maximum 29.2°C at 8°N, 72°E and showed a

steady decrease northwards to a value of25.2°C at 2l°N. Average SST in

the SEAS was greater than 28.7°C which, over the NEAS was 26.5°C.

The SSS pattern showed the occurrence of low saline waters in the shelf

region of the SEAS (average 35.13), while NEAS occupies relatively high

salinity waters. The core of this low saline water (30m) from the BOB

(detailed description in Chapter 3) is situated at 8°N and 74°E and

towards north (upto 10N) it is confined to the shelf region. North of lO°N

the presence of this low saline water is hardly visible. The intrusion of

low saline waters to the SEAS is clearly observed in the horizontal

distribution at different depths (Fig.4.l). MLD varied from 15m at 8°N to

75m at 2l°N and shallow MLD were recorded in the low saline region. A

thick barrier layer (40 m) was observed in the low saline water region and

thickness decreases towards north. During this time, the low saline waters

were confined to the shelf region and the warmer waters are situated at the

central SEAS. The high SST in the SEAS during December-January was

not due to the presence of low salinity water (Fig.4.l).

The SEAS is warmer than NEAS during December-January. The

NEAS was under extensive winter cooling during the period while the

intensity of cooling was less along SEAS. During late intermonsoon fall

(Early November), the two regions show almost similar SSTs in the range

29°-29.2°C (Fig.4.2). The cooling (difference between the blue and red

color in Fig. 4.2) during December over the SEAS was 0.4°C while that
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over the Nbox are significantly higher (l.8°C). During the intensive

cooling over the NEAS, in January, SEAS remain warmer by 2.2°C

indicating that SEAS starts warming from higher SST (Fig.4.2).

During November-January, the SBox and NBox receives almost

equal amount of short wave radiation of nearly 200-210 W/m2. The

average wind speed over the Nbox was 6.2 m/s and in SBox it was 4.2

m/s. As a result, the net heat loss over the SBox was less (130 W/m2)

compared to the NBox (l8OW/m2). Thus, the SBox loses less latent heat

flux (50W/m2) compared to the NBox, that is the SEAS gains about
50W/m2 more heat than SEAS.

4.1.2 Discussion

SST in the SEAS is warmer (~ 2°C) than NEAS due to the net heat

gain during December-January. Using the data from Hastenrath and

Lamb, Thadathil and Ghosh (1992), showed that the SEAS remain as a

region of net heat gain during November-January. Shenoi et al.l999b

observed a localized patch of low heat flux over the SEAS during the

period. The cold, dry northeasterly winds, which cause extensive cooling

over NEAS, remain very week over the SEAS during the entire winter.

The low winds over the SEAS are caused by the orographic effects of

Westem Ghats. The Western Ghats, spread over the east of the SEAS,

effectively block the northeasterly winds and resulting less intensity over

the SEAS (Kurian and Vinayachandran 2007). The modeling study by

Kitoh (2002) agrees with the argument that, the weak winds over the

SEAS is caused by Western Ghats. The low winds considerably decrease

the loss of heat from the SEAS and keep it warmer. Thus the initial

warming in the SEAS is due to the weak winter cooling and direct
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influence of salinity is not evidenced in the observation. But the low

saline waters from the B0B may provide favorable condition for the
intensification of SST.

4.2 Establishmnet of ASWP
4.2.1 Results

SST varied between 28.2°-30.2°C, with colder water in the NEAS

and warmer water in the SEAS. A zone of warm waters (>30°C) was

noticed in the upper layers of the continental shelf of the SEAS (<50m).

The width of the warm water showed large spatial variation with

maximum extension along ll.5°N. The core of this water is centered at

10°N and 74 °E (near LS region) with a temperature greater than 29.4°C

and it was clearly evident from the spatial of distribution of temperature at

different depths (Fig.4.3). The observed average in SST in the SEAS was

29.9°C and that over NEAS was 28.8°C. Interesting feature is that the

extension and thickness of the wann water coincides with the low saline

water. The vertical extent of low saline waters (<34.2) in the upper few

meters (~40m) became thimier (15) towards north. Interesting feature is

that this low saline core centered at l0°N and 74°E coincides with warm

water pool (Fig.4.3 & 4.6). The horizontal distribution of temperature and

salinity along different depths shows the strong correlation between the

warm water and salinity. Also, the horizontal and vertical extension of the

wann water was found to be controlled by the low saline waters. Thick

barrier layer of 25m observed due to the presence of low saline waters.

The SEAS is warmer than NEAS during March-April by l.2°C

(Fig.4.5). The NBox receives 20 W/m2 more short wave radiation than

SBox and the wind speed over the SBox (4.2 m/s) was weaker than the

NBox (5.3m/s). The latent heat loss from the SBox was slightly higher
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than (20 W/m2) the NBox. Thus during March-April, NBox receives large

amount of heat flux (80W/m2) compared to the SBox (45W/m2).

4.2.2 Discussion

During March-April, the NEAS receives large amount of heat than

the SEAS. But the progressive warming in the SEAS was higher than

NEAS. During the northeast monsoon, the latent heat flux over the SEAS

is low but it starts disintegrating in March. By April, the SEAS

experiences higher latent heat flux (Shenoi et al., 1999). They also

showed that during March-April, there is no localized high in the net short

wave radiation in the SEAS. Hence it appears that the air-sea fluxes are

not the primary reason for the high SST in the SEAS.

The observations show that there is a significant relation between

the low salinity water and wann pool. The presence of low saline water

and resultant salinity stratification is an important factor in the buildup of

heat in the ASWP (Rao and Sivakumar, 1999, Sanilkumar et al., 2004).

The strong near surface stratification leads to a shallow mixed layer and

consequently the net heat flux is distributed over a thinner mixed layer,

resulting the warming in the SEAS. The width and thickness of the warm

pool is exactly coincided with the low saline water. Recently Hareesh

Kumar et al., 2008 showed that salinity stratification in the SEAS is found

a favorable factor for the realistic simulation of the wami pool, especially

in its horizontal extent and degree of warming. A 25m thick BL is

observed in the low saline water region. The presence of BL favors the

spring warming in the SEAS and the maximum effect BL on the SEAS

SST (0.5°C) during in April (Masson et al., 2005). Thus the presence of
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low saline water and BL are important in the evolution of warm pool and

its spatial extension.

4..3 Conclusion

Cold dry northeasterly winds, which cause extensive cooling over

NEAS, remain very week over the SEAS during the entire winter. Weak

winds caused due to the orographic effects of Western Ghats considerably

decrease the loss of heat from the SEAS and keep it warmer. As a result

SST in the SEAS was wanner (~ 2°C) than NEAS due to the net heat gain

during December-January. Thus the initial warming in the SEAS is due to

the weak winter cooling and no direct influence of salinity is evidenced in

the observation.

During March-April, NEAS receives comparatively large amount of

heat than the SEAS, but the progressive warming is higher in the SEAS.

The presence of low saline water and the thick BL (25m) in the SEAS has

a major role in the warming. The spatial extension and thickness of the

wann water exactly coincides with the low saline patch, again pointing to

the significance of low saline water in the formation of warm pool.
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Role of Mesoscale features on the
Ev0luti0nvIArabirmSea WarmPool

5.1. Introduction

5.2. Theory

5.3. Results and Discussion

5.4. Heat Budget in the mixed layer

5.5 Conclusion

5.1 Introduction

The heat budget of the mixed layer is an important factor to

investigate in order to understand the air-sea interaction of the SEAS

region. It has profound influence on the Indian summer monsoon.

Based on the global and regional climatologies, Rao and SivaKumar

(1999) opined that the heat build-up in the mixed layer during the pre

monsoon (March-April) is primarily driven by the surface heat flux

through the ocean-atmosphere interface. Weller et al. (2002) also

suggest that, the upper ocean processes in the spring season are

primarily one-dimensional (i.e., vertical), with the warming being a

resultant of the surface heat fluxes and the penetrative radiation.

However, recent studies have shown that the horizontal processes of

the oceans also play an important role in forming the SST anomalies

on seasonal to interannual time scale (Grotnzer et al., 1998). Halliwell

et al. (1998) have mentioned that the SST changes in the Gulf-stream

region are primarily driven by the changes in oceanic horizontal heat
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advection and entrainment heat flux from below the mixed layer.

Modeling studies in the North Atlantic Ocean also have shown that the

ocean heat transport is as important as surface heat fluxes in
determining the SST variability (Seager et al., 2000). Earlier studies in

the SEAS during pre monsoon period suggested that the heat budget of

the upper ocean is mainly a balance between the vertical mixing and

the surface heat flux. However, the role of advcction in the ASWP has

not yet received considerable attention.

The one-dimensional models are seldom a complete description of

the mixed layer processes where variability may still be brought by the

oceanic advection and sub grid scale processes (Qiu et al., 2002). The

southern part of the SEAS is an eddy prominent region with a horizontal

dimension of 100 to 500 km and vertical extent of some hundreds of

meters. These eddies play an important role in the ocean dynamics as well

as transport of heat, salt and other oceanic properties. In an eddy

prominent region, the large-scale mass divergence by the mean flow is

balanced by the eddy induced divergence, which becomes an essential

part of the turbulent cascading (downscaling) of momentum and heat in

the upper ocean into sub grid scales (Gent and Mc Williams, 1990). The

eddy presents in the SEAS thus may have an important role on the

evolution of ASWP which is, however, not been explored in any detail.

Together with this advection, the aforementioned eddies may play a

significant role on the evolution of ASWP.

This chapter describes the relative importance of surface heat flux,

advection, eddy diffusion, vertical mixing and entrainment on the
evolution of ASWP.
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5.2 Theory

The mixed layer temperature tendency of the upper ocean is

controlled by the surface heat fluxes, horizontal advection, eddy diffusion,

vertical mixing and entrainment. The evolution of mixed layer

temperature (T) can be written as,

5T/5t+[u15T/5x+vi5T/@x]+w5T/52=

[Q/hpCp]+ 5/@Z(Kh.5T/52) + /lh((32T/5x2 + GZT/6)/2)

where, 5T / 5! is the mixed layer temperature tendency,

”"5T / 53‘ + V15 T / ax is the horizontal advection,

A/1(@2T/613 + 527" / 5&9) is the eddy diffusion,

(W 5T / 52 + 5 / az (Kh 5T / 52)) is the vertical mixing and entrainment

term and Q / h PCP is the surface flux (Schematic representation as

shown in the Fig.5.l). The computation methods of each term are

described in section 2.3.1 to 2.3.5. Accepting the fact that the effects of

tidal processes on the heat budget tenns can not be explicitly resolved in

the given set of data. However, considering the objectives of the present

work to look at the spatial pattern of heat budget terms on the evolution of

the ASWP, the effects of tides can safely be disregarded.

5.3 Results and Discussion

Spring inter monsoon (SIM) periods in the Arabian Sea normally

experienced by light winds, clear skies and strong solar radiation yielding

an average heat gain of 101.1 W/m2 (Wiggeit et al, 2005). The high solar

insolation and relatively weaker winds during this time enhances the

surface temperature of Arabian Sea wami pool. Fig.5.2. shows the
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distribution of sea surface temperature (SST) from our ship observations.

The warmer regions are close to the coast with maximum value of 30.2 °C

and the isotherms are running almost parallel to the coast.

Salinity structure showed that a low saline water (<34.2) occupied

between 8°N and l3°N in the upper few meters and tapered towards the

north. This low saline plume was confined to the shelf region with minimum

value of 33.9 at 10°N (Fig.3.6.b). The isohalines are almost aligned in a

similar pattem of isotherms. The vertical structure of isotherms and

isohalines along 8 and 10° N showed a downward shifi between 73° - 74°E

(Fig.5.3). This downward shift in isothenns and isohalines was due to the

presence of eddies that as evident in the SSHA pattern (Fig.3.8c). The low

saline water mass in the SEAS was due to the intrusion from the Bay of

Bengal. In the subsurface, the presence of high saline core (>35.6) was

observed. This was due to the presence of Arabian Sea High Salinity Water

(ASHSW) subducted from northern part of the Arabian Sea and advected

towards the south along the main therrnocline (Prasad and Ikeda 2004)

(detailed description of the circulation in section 3.1.2).

In this study each tenn of the temperature evolution is analyzed for

the entire mixed layer depth (MLD). A deeper MLD (>30 m) is observed

in the southem part of the study region with a relatively shallow MLD (18

m) in the north (Fig.5.4). A shallow MLD of (<20m) is found in the

southern tip of the peninsula.

5.4 Heat budget in the mixed layer

In this section the heat budget of the mixed layer are described as

resolved from the analysis. All terms are expressed as depth integral over

the mixed layer depth, unless specified otherwise.
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5.4.1 Temperature tendency

Tendency of temperature is an order of magnitude weaker compared

to the other heat budget tenns and it represents the net effect that brings

by a combination of other mixed layer processes such as advection,

vertical mixing, horizontal diffusion and surface heat fluxes. The

temperature tendencies of the ASWP are found as positive (i.e. warming)

in the northeastem side of the pool with a maximum approaching 1.5xl0'6

°Cs"at the coast (Fig 5.5). The northwest warming in the study area is due

to the net surface flux (positive toward the ocean) into the ocean (Fig.5.6).

The tendency of mixed layer temperature shows that the mixed layer

warming in the northern part of the warm pool mainly follows the surface

heat flux. It gives an indication that the northern part of the ASWP

surface heat flux has a larger control on the mixed layer warming.

In the southeastern part of the warm pool (south of l1°N), the

tendency of temperature has some features with a horizontal size of

l00l<m. Positive and negative temperature tendencies with size of eddies

are the prominent feature in this region (Fig.5.5). The surface heat flux

has no resemblance to this shape of tendency. This is the region where

mesoscale features were prominent during the study period as evident in

the altimetry data. The magnitude of this warming is only 10% of that of

the warming in the north (Fig.5.8).

5.4.2 Advection

Advection is the processes by which a local gradient of material

property (here it is the temperature) is being transported according to the

currents. The advection of the northeastern part of the wann pool shows a

strong positive value (Fig.5.7). The positive value of advection shows the
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advective warming. The advection patterns in warm pool area shows

coastally oriented strong positive contours upto the central region of the

warm pool. The background mixed layer temperature was warmer in the

costal side and relatively colder farther west (Fig.5.2). Thus the effect of

advection reduces this gradient by transferring more warm water to the

western side of the warm pool and causing an advective warming. The

magnitude of advection in the northwestern part of the warm pool region

is 0.5xl0‘5 °C m s" which is only 10% of the net surface heat flux. The

magnitude of the diffusion cannot balance the rest of the surface heat flux,

which might be the residue due to vertical advection and entraimnent.

In the northern part of the warm pool the surface heat flux shows

the highest value in the study region. The advection delineates a zero

contour running northwest and passing through the center of the study

region. To the east of the zero contours the advection warms the region.

Thus the highest surface heat flux into the ocean in the northern part is

exported to the west to further warming the western side of the warm

pool. Thus advection exports the heat from the warm pool, which mostly

comes as the surface heat flux in the northern side. This export causes the

mixed layer depth_to an average value of 40m in the northwest. In the

extreme southeast the tendency term (Fig. 5.5) show a strong cooling and

it is well explained by the negative advection there.

The effect of local wind and subsequent Ekman transport has been

computed and compared with the geostrophic currents in odder to find the

impact of Ekman transport on the total advection of heat in the mixed

layer. It has been found that the Ekman velocity is much smaller (average

4 cm/s) than the near surface gostrophic currents. The analysis period

represents the transition period of monsoon (from northeast to southwest
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monsoon), and thus the winds are generally weaker and resulting in a

smaller Ekman drift than the background geostrophy. The computed

advection term with a total current of geostrophy and Ekman drift and the

results show that no appreciable differences in the advection term

compared to the non Ekman drift case, except small changes found in the

southern part. Thus, the advection due to the Ekman component is
eliminated.

5.4.3 Diffusion

Unlike the advection, the effect of horizontal diffusion is not so

significant in the northeastern part of the domain (Fig.5.8). The average

value of diffusion is nearly zero in the northeastern part of the domain

where advection showed a warming effect. The effect of eddy diffusion

becomes significant on the southern part of the domain where eddy

features where prominent during the observation period. The maximum

diffusion in the southem part of the domain is found to be 2.5xl0'5°cm sil

which is greater than the amount of advection there (F ig.5.7). The effect

of eddy induced diffusion is to smooth the temperature gradient. The

prominent pattern of eddy-induced diffusion has size of mesoscale close

to the southern part of the domain. It is interesting to note that the mixed

layer temperature tendency in the southern part of the domain also have

features similar to the size of mesoscale as shown in the diffusion term.

Thus the effect of eddy induced smoothing of temperature in the mixed

layer is prominent in the southern part of the warm pool region. The
surface heat flux didn’t have such fine scale structures to reflect in the

temperature tendency.
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The magnitude of diffusion in the southern part of the warm pool

region suggests an eddy diffusion coefficient as large as Ah=3x1O4 m2/ sec.

This high value resolved in the analysis was of course partially related to

the course resolution of the data (1 degree) used in the present study. The

demand of a high eddy diffusion coefficient shown in the present data

analysis implies that a coarse resolution model should include this large

value of eddy diffusion coefficient, in order to have reasonable account of

eddy induced lateral mixing. However such large value of eddy diffusion

smoothes out the variability of the order of mesoscale in a numerical

model. This eventually points to the necessity of resolving eddy induced

diffusion as an indirect estimate of eddy induced transport as used Gent

and McWilliams parameteiization (Gent and McWilliams, 1990). The

present analysis showed that the models have a reasonable simulation of

diffusive processes in the ASWP, especially in the southem part of the

domain, either a fine resolution is necessary to resolve mesoscale induced

mixing reasonably or an indirect parameterization of eddy induced

transports should be included in the coarse model.

5.4.4 Vertical mixing

Although the horizontal advection, diffusion and surface heat fluxes

can account the major features of the temperature tendency qualitatively,

it is necessary to consider the effect of vertical mixing in the detailed

account of surface heat budget. The Fig. 5.9 shows the vertical mixing

term integrated over the mixed layer. The negative values showed the

cooling by deepening of mixed layer and positive value show the

warming by shoaling of mixed layer. Unlike the other terms presented

above, the vertical mixing does not show much similarity with the

temperature tendency except in the southem domain. In the southern part
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of the domain the vertical mixing also shows features of size l0Okm in

horizontal as similar to the eddy induced heat flux and temperature

tendency. However the magnitude of the vertical mixing brought by the

eddy induced currents are stronger than the eddy induced lateral heat flux.

The study area is divided into two regions (a) North box (BN)

(region between 11°-l5°N) and (b) South box (B5) (between 8° -1 l°N).

The vertically integrated mixed layer heat budget tenns were spatially

averaged for each box (Fig. 5.10). The surface heat flux is stronger in the

north than in the south. The vertical mixing dominates the advection in

the southern part. This is clearly evident in the deeper mixed layer depth

as seen in the southem part of the SEAS (Fig.5.3). The input surface heat

is thus balanced between vertical mixing and horizontal advection in the

southern part of the domain. The eddy diffusion shows a slight warming

although the magnitude is relatively lower than the advection or vertical

mixing. In the northern part (BN), the surface heat flux is balanced

between advection and diffusion while the southem domain (B5), the

advection is dominated over vertical mixing and the horizontal diffusion

is negligible.

5.5- Conclusion

The study estimated the importance of various mixed layer

processes such as horizontal advection, horizontal eddy induced diffusion

and surface heat fluxes on the formation of ASWP during the SIM. The

study showed the warmpool have a scale selection over various mixed

layer processes according to the region. The largest variability in the heat

content of the surface ocean of ASWP is mainly influenced by the surface

heat fluxes in the northem part of the domain while the advection have
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only a subsidiary role to spread the warmpool from coast to far west. In

the far south of the domain, the effect of eddy-induced transport is seen as

large as the advection. This is mainly associated with the eddy

prominence in that region during the transition of monsoon.

It is to be noted that the present study is not a climatological

representation of the warmpool mixed layer processes. More over the

coarse resolution of the in situ data limits to get closer look into more

detailed processes of mixed layer heat budget evolution of ASWP.

However, with the available data the study categorized the significance of

various mixed layer processes and its regional dominance through out the

evolution of ASWP. The study also dictates those processes/parameters

which are necessary for the regional modeling of the ASWP to have a

reasonable simulation.

Surface heat flux

' " oriz tal- ' ' \  Tl
X-adveeti H  ‘gm___,. = e of Mixed layer" w

Vertical Y~advection
mixing

Fig.5 .1. Schematic representation of the mixed layer processes
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Heat budget of the upper ocean is an important factor to understand

the various atmospheric and oceanic processes that controls the mixed

layer temperature. The relative importance and contribution of various

processes in the total heat budget of the mixed layer of ASWP were also

studied during the collapsing stage of the warm pool (May-June, 2005)

and discussed.

6.1 Theory

The mixed layer temperature tendency of the upper ocean is

controlled by the surface heat fluxes, horizontal advection, eddy diffusion,

vertical mixing and entrainment. The evolution of mixed layer

temperature (T) can be written as,

GT/5t+[u15T/5x+vl5T/§x]+w5T/32=

[Q/hpCp] + a/aZ(1</tar/az) + A11(52T/5x2 + GZT/fiyz)

The individual terms in the mixed layer equation and method of

computation are described in section 1.1.1.
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The horizontal velocity components u T (us + lie) t V1" (Vs "" V6) include

the geostrophic and Ekman velocity. Computation of geostrophic currents is

described in section 2.2.1. The Ekman components are computed from

observed winds using the equation,

uh = V0 cos(Tl / 4 + ((Y[ / D£).z) 5{n"';DE 3)

and

t». = VOSlH(n / 4 + ((1-I/.DE).Z)$(n/DE J)

where V0 = O-79><10_5 (W2 /DE-f) , W is the wind speed (ms") and DE

(Ht/2.(A~ f )is the Ekthtth depth, r is the magnitude of the Corilois

force and AZ is the eddy viscosity. The effect of wind and subsequent Ekman

current is computed and included with the geostrophic currents. It has been

found the magnitude of the Ekman velocity is higher during this time.

F our stations near the coast are avoided from the present analysis

because they yielded unreasonably large values in the heat budget terms. Also

the coastal stations are found having difficulty in resolving the processes well.

6.2 Results and Discussion

During May, the winds were southwesterly in the open ocean

region (2 m/s) but became strong northwesterly winds in the coastal

region of SEAS. During June, strong southwesterly winds (>10 m/s) were

observed in the open ocean region and northwesterly winds in the coastal

region (Fig.3.l3a). The winds show a rapid increase in magnitude from

May to June (Fig.3.l3b). With the onset of the SEM, steady winds prevail

over the north Indian Ocean. The wind blowing parallel to the coast

generates an offshore transport.
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The SST is varied from 30.2° C to 3l.4° C, with meridionally

aligned isotherms having higher temperatures in the northwest (Fig.6.la).

Many studies have reported that during late May and early June. The SST

is > 30° C in the offshore areas and tends to decrease towards the coast

(Ramsey Babu et al., 1991). The surface isothermal layer was warmer

towards north than the south. The thermal structure, north of 10°N was

vertically homogenous with a temperature greater than 30°C and below

30 °C in the top 25m. In regions south of 10°N, the temperature below

30°C was observed during this season. The surface salinity exhibited

zonally aligned isohalines in the south and relatively high saline waters

(>35.8) in the north (Fig.6.lb). The isothermal layer and thennocline

along 8°N and l0°N transects were shifted towards the coast where the

ILD was 30m. The 20°C isotherm was also shifted to shallower depth

along 8°, 10 ° and ll.5°N but was observed in deeper depths (Fig.3.ll (a)

& (b)). During this time, MLD greater than 30 m was observed in the

north and comparatively shallow (25m) in the southem SEAS (Fig.6.2)

6.3 Heat Budget of the Mixed Layer
6.3.1 Surface flux

The variation of the surface flux in the SEAS is related to the

monsoon system. Before the onset of the southwest monsoon, the sky

over the SEAS is relatively clear with less cloud cover and thus more

shortwave radiation can penetrate into the upper layer of the ocean. On

the other hand, an increase in cloudiness due to the onset of the southwest

monsoon significantly decreases the shortwave radiation.

The surface heat fluxes, which is a sum of downward shortwave

radiation, upward long wave radiation, sensible and latent heat fluxes

show that there is a net heat gain in the northern part of the domain while
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there is a net cooling in the southern part (Fig.6.3). The mixed layer

temperature tendency shows a slight warming in the northern part of the

domain, while cooling in the south except in a small region in the

southeast of the domain (Fig.6.4). Thus the mixed layer temperature

tendency generally follows the surface heat flux in the mixed layer.

6.3.2 Horizontal Advection

The advection shows that there is a slight warming by the horizontal

transport of heat in the northeastem part of the domain (6.5). The surface

heat fluxes show a warming of maximum amplitude at the central

northern part of the domain, whereas the tendency shows a warming

oriented mainly in the northeastern part. The advection has a moderate

warming effect in this area and thus may equally influence in the mixed

layer temperature tendency term. The central and southern part of the

domain shows a general cooling by the advective heat transport.

6.3.3 Vertical Mixing

The vertical heat dissipation in the mixed layer shows a general

cooling centered on the 74°E and lO°N (Fig.6.7). This resembles the location

where the net surface cooling by the heat loss to the atmosphere is a

maximum. Thus the surface cooling in this region of the mixed layer resulted

a mixed layer depth deepening (greater than 30 m) and heat dissipation in the

surface mixed layer in this region. The westem part of the domain, however,

shows vertical heat dissipation with a wanning effect.

6.3.4 Diffusion

The horizontal heat dissipation, the diffirsion term, shows a warming in

the southern and a cooling in the northern part of the domain (Fig.6.6). The

magnitude of individual mixed layer heat budget terms are compared with an
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area average canied out over a box of northern (1 1°-l5°N) and southern part

(8°-1l°N) the domain separately and is shown as a bar diagram (Fig.6.8). It

can be seen that there is a general balance exist between the individual terms

in the heat budget of the surface mixed layer. The northern part of the

domain has net heat gain which is balanced by a net heat loss in the vertical

mixing term. However the horizontal advection plays a moderate role to

bring heat into the mixed layer of the domain and is resulted in a net positive

tendency in the mixed layer temperature. The horizontal diffusion however

has a slight cooling effect in the mixed layer.

6.4 Conclusion

In the southern part of the SEAS, all the terms looked opposite in

sign compared to its north. The surface heat flux has cooling effect while

the vertical mixing, as an area average of the entire southern domain, has

a net warming effect. The advection term has a surface cooling effect

while diffusion has negligible role. This is in contrast with the heat budget

observations during March-April in the same region where the diffusion

had a significant warming effect in the mixed layer which is not found

equally in the present set of data. Thus the magnitude of eddy diffusion

depends up on the presence of meso-scale features in the study region.

Thus from the analysis it is clear that, the SEAS has two distinct

regions in terms of surface heat budget. In the northern part, the dominant

mechanism of mixed layer warming is the surface heat fluxes while in the

southern part the advective, diffusive and vertical mixing redistributes the

surface heat fluxes and evolves a resultant tendency in the mixed layer

temperature.
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Heat budget of the ASWP and the associated hydrography of the

region were investigated using in situ, satellite and climatological data

sets. The theoretical approach for the present work is that, the mixed

layer temperature tendency (change) of the upper ocean is mainly

controlled by the surface heat fluxes, horizontal advection, eddy diffusion,

vertical mixing and entrainment. Based on this, mathematical form of

mixed layer temperature evolution is developed and applied in the ASWP

region. Temperature tendency in the mixed layer is computed from

satellite SST. Horizontal advection of heat including the geostrophic and

Ekman components was computed (Centered Finite Difference Scheme)

using in situ data on wind, temperature and salinity. The eddy induced

diffusion is computed from Topex/Poseidon SSHA data. The SSHA is the

deviation from the mean geopotential height (dynamic height) and thus it is

assumed that the removal of the mean flow remains the fluctuation of the

mean flow primarily driven by eddies. A vertical mixing coefficient (K1,) of

the mixed layer is estimated using K-Profile parameterization (KPP).

Hydrography and circulation of the SEAS during different stages of

the ASWP were studied. Most of the features and structure of the

temperature and salinity in the SEAS evidenced in an in-situ observation

similar to that from the climatology. The salient features in the

hydrography of the SEAS include the presence of warm pool during

l\/larch-May, intrusion of low-salinity and high-salinity waters, presence
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SEAS has a seasonal cycle in salinity, with high-salinity water 1&1-i11a#,*y

subsurface depth and low saline water in the surface during December to

April. Upwelling starts in May-June and downwelling during Dece1nber

March, in accordance with the eddies and circulation. The upwelling

promotes the annihilation of warm pool in the SEAS. The circulation in

the SEAS is characterized by the presence of seasonally reversing coastal

current and westward propagation of anticyclonic eddies, which are

driven by local and remote forcings. Present study explains the

mechanism by which the low salinity water enters into the SEAS during

December and March—April.

Air sea fluxes and hydrography of the NEAS and SEAS are

discussed, and explained the role of salinity in the evolution of ASWP.

Cold dry noitheasterly winds, which cause extensive cooling over NEAS,

remain very week over the SEAS during the entire winter. Weak winds

caused due to the orographic effects of Western Ghats considerably

decrease the loss of heat from the SEAS and keep it Wanner. As a result

SST in the SEAS was warmer (~ 2°C) than NEAS due to the net heat gain

during December-January. Thus the initial warming in the SEAS is due to

the weak winter cooling and no direct influence of salinity is evidenced in

the observation. But the low saline waters from the BOB may provide

favorable condition for the intensification of SST. During March-April,

NEAS receives comparatively large amount of heat than the SEAS, but

the progressive warming is higher in the SEAS. The presence of low

saline water and the thick BL (25m) in the SEAS has a major role in the

warming. The interesting feature is that the spatial extension and

thickness of the warm water exactly coincides with the low saline patch,
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again pointing to the significance of low saline water in the formation of

wann pool.

The southem part of the SEAS is an eddy prominent region, with

horizontal dimensions in the range of 200 to 300 km and vertical extent of

few hundreds of meters. These eddies present in the southem part of the

region may play a major role on the evolution of ASWP. The relative

importance and contribution of various processes to the total heat budget

in mixed layer of ASWP were studied during spring intennonsoon

(March- April, 2004). In the northem part of the ASWP, the surface heat

flux is dominant in mixed layer warming while advection plays a role in

spreading the warm water from coastal regions to far offshore. In the

southern part of the ASWP, the eddy induced horizontal mixing provides

substantial amount of heat spreading, which influences the mixed layer

temperature evolution. Thus observations carried out in the present study

suggest that a detailed 3-Dimensonal model is necessary for the thorough

description of the mixed layer processes in the ASWP. The study also

categorizes various regions in the ASWP according to the significance of

each mixed layer process.

In the collapsing stage, surface heat fluxes are dominant and

controls the mixed layer temperature tendency in the northern part. The

temperature tendency shows a slight warming in the region, while cooling

in the south except for a small region of warming in the southeast. Thus,

in the north the mixed layer temperature tendency is generally defined by

the surface heat flux. In the southem part of the SEAS, the surface heat

flux has cooling effect while the vertical mixing, has a net warming

effect. The advection term has a surface cooling effect while diffusion has

negligible role. This is in contrast with the heat budget observations

lOO
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during March-April in the same region where the diffusion had a

significant warming effect in the mixed layer. Thus the magnitude of eddy

diffusion depends up on the presence of meso-scale features.

In conclusion, “SEAS has two distinct regions in tenns of surface

heat budget. ln the northern part the dominant mechanism of mixed layer

wanning is the surface heat fluxes while in the southern part the

advective, diffusive and vertical mixing redistributes the surface heat

fluxes and evolves a resultant tendency in the mixed layer temperature”.

Concluding Remarks

The SEAS has several distinguishing features that make it a

unique and dynamic region in the north Indian Ocean. For a prospective

study on the dynamics and thermodynamics of the SEAS and the ASWP,

there is a need for continuous monitoring of oceanic as well as

atmospheric parameters. Only with such comprehensive observed

datasets, the processes during winter, spring and the monsoon onset

period can be described precisely. Moreover, such datasets would be

usefill in evaluating regional models in Indian Ocean. Also, Mesoscale

processes (eddies) in the upper layers of the SEAS strongly influence the

mixed layer processes of the ASWP. Thus it is suggested that, only high

resolution models embedded with mesoscale features could precisely

explain the mixed layer processes of the ASWP.

*#****>l=*8O(8*******
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