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1.  Introduction  


The  Southern  Ocean  (SO)  is  often  referred  to  the  ring  of  ocean  that  circles 
 Antarctica.  It is bordered by the Antarctic continent on the south but the northern 
 limit of the SO is not so clearly defined.  The SO connects the three main  ocean 
 basins (Séférian et al., 2012) and the Subtropical Front (STF) - a transition  zone 
 between  cool,  fresh,  nutrient-rich  sub-antarctic  waters  and  warm,  salty,  nutrient-
 poor  subtropical  waters  is  usually  considered  as  the  northern  extent  of  the  SO.   


Although the position of the STF varies with longitude, it lies roughly along 40°S 
 for much of the SO. The SO occupies about 20% of the surface area of the global 
 ocean  and  it  is  the  home  to  strongest  winds  and  largest  waves.  The  'Roaring 
 Forties' and the 'Furious Fifties’ and ‘Screaming  Sixties’ are terms often applied 
 to the strong westerly winds present over this region.  These westerlies drive  the 
 largest current system on the earth the Antarctic Circumpolar Current (ACC). 


1.1The ACC 


The  ACC  is  the  largest  current  system  in  the  world,  and  flows  continuously 
around  Antarctica and  is  the  major  conduit  for  inter-basin  exchange  of  heat  and 
fresh water fluxes  (Rintoul et al., 2001) (Fig 1.1).   The ACC effectively isolates 
the SO from lower latitudes, giving rise to the coldest temperatures in the world’s 
ocean,  deep  surface  mixed  layers,  and  a  large  area  of  seasonal  sea  ice.    It  is 
characterized  by  strongly  tilting  isopycnals  due  to  the  mixing  of  water 
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preferentially  along  constant  density  surfaces  which  bring  mid-depth  water  into 
 contact  with  the  ocean  surface  and  serve  as  a  barrier  to  southward  transport, 
 possibly  helping  to  isolate  the  Antarctic  continent  from  mid-latitude  climate 
 variability  (Rintoul,  et  al.,  2001).    The  ACC  connects  the  Atlantic,  Pacific  and 
 Indian Oceans to form a  global network of ocean currents that redistributes heat 
 around the Earth and so influences climate.   


       


Figure 1.1.Schematic depiction of the  major currents in the  SO south of 20 S.   (ACC= 


Antarctic Circumpolar Current; F = Front; C = Current; G =Gyre). Adapted from Rintoul, 
 2011b. 


A  series  of  ocean  fronts;  narrow,  variable  bands  defined  by  abrupt  changes  in 
 water properties, in particular, temperature and salinity divide the surface waters 
 of  the  SO  into  several  zones  (Gordon,  1975;  Deacon,  1982;  Whitworth,  1988). 


From north to south, the fronts and  zones of the  SO are: the  Sub  Tropical Front 
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(STF),  Subantarctic  Zone  (SAZ),  Subantarctic  Front  (SAF),  Polar  Frontal  Zone 
 (PFZ), Polar Front (PF) and Antarctic Zone (AZ) (Whiteworth, 1980; Orsi, 1995). 


The ACC, is steered by topography, such that the position and structure of its jets 
 and fronts deviate from the zonal direction, both spatially (Sokolov and Rintoul, 
 2009) and temporally (Chapman and Morrow, 2014). These fronts can inﬂuence 
 the upwelling and ultimate ventilation of deep waters, which can in turn affect the 
 formation of water masses at the surface (Böning et al., 2008; Meijers et al., 2012; 


Meijers, 2014) and can act to suppressed meridional exchange of tracers (Ferrari 
 and Nikurashin, 2010; Thompson and Sallée, 2012). Frontal anomalies could also 
 result  in  anomalous  water  mass  properties  being  redistributed  throughout  the 
 ocean by the strong zonal currents that compose the ACC (Sallée et al., 2008). 


       


1.2 Water masses 


The  SO  has  a  vital  role  in  the  global  thermohaline  circulation,  hosting  major 
 regions  of  mixing  and  upwelling,  and  being  responsible  for  the  production  and 
 export of water masses that regulate the planetary - scale climate (Sverdrup et al. 


1942;  Schmitz  1996;  Doney    et  al.  1998;  Rintoul  and  Naveira-Garabato,  2013; 


Talley, 2013) (Fig 1.2). The strong north-south tilt of density surfaces associated 
with  the  eastward  flow  of  the  ACC exposes  the  deep  layers  of  the  ocean  to  the 
atmosphere at high southern latitudes. As a result waters that are several hundred 
years  of  old  often comes  into  contact  with  the  atmosphere,  with  which  they  can 
exchange  heat and  carbon  (Lumpkin  and  Speer,  2007).   Also  new  water  masses 
including the comparatively light mode and intermediate waters that sink to a few 
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hundred meters depth and the dense bottom waters that flood the deepest layers of 
 the global abyss are formed in this region (Johnson, 2008; McCartney, 1977).  In 
 this  way,  SO  controls  the  connection  between the  deep  and  upper  layers  of  the 
 global overturning circulation and thereby regulates the capacity of the ocean to 
 store and transport heat, carbon and other properties that influence climate. 


      


Figure 1.2. Cartoon of SO circulation, sea ice, and mixing, with Antarctica on the 
 left. The entire water column interacts with the surface ocean and atmosphere by 
 advection  (straight  arrows)  and  mixing  (curly  arrows)  (after  (CFSOA;Olbers, 
 D;Speer, K. )) 


The SO is the source of  several intermediate and deep water masses of the world 
oceans  that  is  one  of  the  dominant  driving  forces  for  the  global  overturning 
circulation  (Tomczack  and  Liefrient,  2005).  The  overturning  circulation  is  the 
major mechanism for ocean heat transport and therefore has a strong influence on 
the global and regional climate patterns. One of the most important densest water 
masses of the global ocean, the Antarctic Bottom Water (AABW) is formed in the 
SO  and  is  an  important  component  of  the  lower  limb  of  the  global  overturning 
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circulation.      Another  water  mass,  Circumpolar  Deep  Water  (CDW)  is  found 
 within the ACC and it is considered the most voluminous water mass of the world 
 oceans  (Worthington,  1981).  A  mixture  of  North  Atlantic  Deep  Water,  AABW 
 and  Antarctic  Intermediate  Water  (AAIW),  as  well  as  recirculated  deep  water 
 from  the  Indian  and  Pacific  constitutes  the  CDW  (Yu  and  Rienecker  2000).    In 
 winter, deep convection on the equator side of the ACC forms a vertically mixed 
 layer known as Sub-Antarctic Mode Water (SAMW; McCartney, 1977). AAIW is 
 located beneath the SAMW and both participate in ventilating the thermocline of 
 the surroundings and of other oceanic regions as they spread northwards together 
 with the deep waters generated within the SO (Rintoul and Bullister, 1999; Talley, 
 et  al.,  2003).    SAMW  and  AAIW  are  large  volume,  lower  thermocline,  and 
 intermediate water masses that ventilate the intermediate depths of the ocean. It is 
 through these two water masses that atmospheric gases enter the subtropical gyres 
 and  climatically  and  biologically  important  properties  such  as  heat,  freshwater, 
 nutrients,  and  oxygen  gets  transferred  into  the  interior  ocean  (Sallee  et 
 al., 2006; Talley et al., 2003; Talley 2008; Toggweiler et al., 1991). A  significant 
 fraction of anthropogenic CO2 is also drawn down by SAMW and AAIW into the 
 world's  oceans  (Mikaloff-Fletcher  et  al., 2006; Sabine  et  al., 2004).  Thus, 
 variations  in  SAMW  and  AAIW  formation  have  an  important  role  in  climate 
 variability and change   


The  water  masses  formed  in  the  SO  spread  throughout  the  world  ocean  and  the 
characteristics  of  more  than  50%  of  the  ocean  volume  reflect  the  ocean-
atmosphere-ice  interactions  taking  place  in  the  SO.  These  water  masses  carry 
oxygen and CO2 from the sea surface into the deep sea, to renew/ventilate the sub-
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surface  ocean.    About  one  third  of  the  CO2 produced  by  human  activities  is 
 accumulating in the ocean, slowing the rate of climate change due to the enhanced 
 greenhouse effect. Of this, 40% is being sequestered  in the  SO by  water masses 
 sinking from the sea surface as part of the overturning circulation. In addition to 
 gases the SO also absorbs heat from the atmosphere. The overturning circulation 
 carries  the  excess  heat  from  the  surface  down  into  the  interior  of  the  ocean, 
 causing  sea-level  rise  through  thermal  expansion.  The  formation,  sinking  and 
 circulation of SO water masses will contribute to the regional distribution and rate 
 of sea-level rise in the southern hemisphere as the Earth warms in response to the 
 enhanced greenhouse effect. 


1.3 Eddies 


Satellite  and  in  situ  observations  show  that  the  SO  is  a  very  turbulent  region 
 (Sokolov  and  Rintoul,  2007a,b;  Sallée  et  al.,  2008).      Satellite  observations 
 (Colton  and  Chase,  1983),  buoy  trajectories  (Hofmann,1985),  inertial  jet  models 
 (Craneguy and Park, 1999) and hydrographic data (Lutjeharms and Baker, 1980; 


Park  et  al.,  1993;  Trathan  et  al.,  1997)  have  revealed  that  high  mesoscale 
 variability in the SO is closely correlated with regions of prominent bottom relief. 


This variability also correlates closely with either the terminal region of a major 
western  boundary  current  such  as  the  Agulhas  Current,  or  where  the  ACC 
interacts with prominent bottom topography such as in the Drake Passage or at the 
Crozet and Kerguelen Plateau (Lutjeharms and Baker, 1980).  High eddy kinetic 
energy (EKE) bands are located in the western part of the global ocean basins and 
along  the  ACC  and along  the  main  oceanic  frontal  zones  associated  with  major 
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currents  (Jia  et  al.,  2011;  Richardson,  1983;  Krauss  and  Kase,  1984).  Most 
 energetic  regions  coincide  with  the  axis  of  the  ACC  (in  particular  over  the 
 Southeast  Indian  Ridge),  the  Agulhas  Current,  the  East  Australian  Current 
 separation,  and  the  Brazil-Malvinas  Current  confluence  (Wilkin  and  Morrow, 
 1994).  These  eddies  play  an  important  role  in  momentum  and  buoyance  fluxes 
 that  can  potentially  influence  the  global  thermohaline  circulation  (Hughes  and 
 Ash, 2001). Enhanced kinetic energy is known to increase the poleward heat flux 
 (Hogg  et  al.,  2008)  that  can  inhibit  meridional  overturning  circulation  which  is 
 responsible for a large meridional transport of heat and vertical transfer of carbon 
 dioxide  between  the  surface  layers and  the  deep  ocean  (Rintoul  et  al.,  2001)  by 
 strengthening  the  vertical  stratification.    Eddies  are  responsible  for  a  poleward 
 heat ﬂux and play a role in the time-varying heat budget of the SO (de Szoeke and 
 Levine, 1981; Lee et al. 2007). 


1.4 Sea Ice 


The  existence  of  sea-ice  is  another  important  factor  contributing  to  the  SO's 
influence on climate. Each winter, enough  sea ice forms around the continent to 
double the area of Antarctica. Hypotheses, models and observations suggest that 
the Antarctic sea ice plays an important role in the state and variability of regional 
and global climate through the ice albedo feedback, insulating effect, deep water 
formation  and  fresh  water  budget  (Fletcher,  1969;  Walsh,  1983;  Curry  et  al., 
1995; Rind et al., 1995).  Sea-ice is mostly made up of freshwater, so the salt in 
the seawater is  left behind as the ice freezes, increasing the salinity of the water 
beneath  the  ice.  Sea  water  gets  denser  as  its  salinity  increases  and  as  its 
temperature  falls.  In  some  locations,  the  cooling  by  the  atmosphere  and  the  salt 
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released  from  sea  ice  together  make  the  water  near  Antarctica  dense  enough  to 
 sink  from  the  sea  surface  to the  deep  ocean.  The  sinking  near  Antarctica  forms 
 one branch of the global overturning circulation. Changes in sea ice extent and the 
 timing of ice-edge advance/retreat are thought to affect krill biomass (Ross et al., 
 2008; Steinberg et al., 2015), with potential  impacts for krill-dependent fauna  at 
 higher  trophic  levels  (whales,  seals  and  penguins)  (Massom  and  Stammerjohn, 
 2010;  Ducklow  et  al.,  2012;  Constable  et  al.,  2014;  Saba  et  al.,  2014).  Sea  ice 
 covers  vast  regions  of  the  SO,  spreading  over  18  x  106  km2  in  winter, although 
 reducing to only 3 x 106 km2 at its summer minimum (Parkinson, 2004).  Sea ice 
 also releases algae to the water as it melts in spring and summer, and this release 
 can lead to major algal blooms near the ice edge (Arrigo et al., 2002), although, at 
 the  same  time,  the  presence  of  sea-ice  restricts  sunlight  to  the  underlying  ocean 
 and restricts the total level of SO primary production (Arrigo & Thomas, 2004).


The  seasonal  formation  and  melt  of  a  vast  area  of  Antarctic  sea  ice  strongly 
inﬂuences  the  sea  surface  salinity,  which  in  turn  affects  the  density  and 
stratification  of  SO,  thus  influencing  the    global  climate  and  SO  ecosystems 
(Massom &  Stammerjohn, 2010).  Growing evidence suggest that the SO and its 
sea ice cover have changed in recent decades. The ocean has warmed, freshened 
and acidiﬁed, and fronts have migrated, altering habitats (Böning et al. 2008; Gille 
2008;  Sokolov  &  Rintoul  2009).  Sea  ice  has  contracted  in  some  areas  while 
expanding in others, resulting in a net increase in overall extent (Stammerjohn et 
al.,  2012;  Holland,  2014).      The  SO  is  characterised  by  a  temperature  minimum 
subsurface layer (or Winter Water; WW) in the upper 300 m (Park et al., 1998), a 
peculiar feature of cold water acts as a physical vertical barrier in the upper layers 
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of the SO during summer. During the ice-free period, the ocean surface is exposed 
 to  winds,  which  enhances  mixing,  resulting  in  this  temperature  minimum  layer  
 becoming mixed with the surface and subsurface layers, thereby altering the heat 
 budget of the region (Yuan et al., 2004).  Since the WW has a close relationship 
 with the heat budget, ice melt and freshening in the SO is believed to be a major 
 source  of  micronutrients  (Boyd  &  Ellwood,  2010),  and  may  regulate  the 
 chlorophyll (Chl a) blooms in the region. 


1.5 Changes in the SO 


Changes  in  the  physical  and  biogeochemical  state  of  the  SO  are  already 
 underway.  Many  of  the  large-scale  and  regional  changes  in  the  physical  and 
 chemical components of the SO have been linked to changes in wind forcing,  in 
 particular  the  intensification  and  southward  contraction  of  the  circumpolar 
 westerly  winds  associated  with  a  positive  trend  of  the  Southern  Annular  Mode 
 (SAM) (Thompson et al., 2000). Coarse-resolution models have suggested that the 
 ACC transport is more sensitive to changes  in wind forcing (Fyfe, 2006; Fyfe et 
 al.,  2007).    The  circumpolar  SO  is  warming  more  rapidly,  and  to  greater  depth, 
 than the rest of the global ocean (Gille, 2002; 2008).  Warmer ocean temperatures 
 have been linked to an increase in the basal melt rate and the retreat of grounding 
 lines  in  Antarctica  (Rignot  et  al.,  2008).  The  upper  layers  of  the  SO  have 
 freshened  as  the  result  of  increases  in  precipitation  and  the  melting  of  floating 
 glacial ice (Curry et al. 2003; Boyer et al., 2005; Böning et al., 2008).  Freshening 
 of AABW  in the Indian and Pacific regions of the SO may also reflect an increase 
 in  basal  melting  of  floating  glacial  ice  (Jacobs,  2004;  2006;    Aoki  et  al.,  2005;  


Rintoul, 2007),  with  increased melt linked to increased heat flux from the ocean 
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(Shepherd  et  al.,  2004;  Rignot  et  al.,  2008).    There  have  been  studies  that  have 
 shown the warming, freshening, and slowdown of AABW formation (Purkey and 
 Johnson, 2012). Salinity has decreased in the water masses exported from the SO 
 in  the  upper  limb  of  the  overturning  circulation  (Aoki  et  al.,  2005;  Durack  and 
 Wijffels,  2010).  Since  SO  processes  influence  the  deep  and  intermediate  water 
 mass  formation,  biogeochemical  cycles,  sea-level  rise,  ocean  acidification  and 
 marine  productivity,  hence  the  changes  in  the  SO  would  have  significant 
 implications on global climate.


1.6 Objectives and Scope of the study 


It can be said that the  SO has received even less attention than the high northern 
 latitude  and the  oceanic  records are  few  and  sparse  (Nielson  et.  al,  2004).    This 
 situation  is  true  in  the  Indian  context  as  well.    Even  though  oceanographic 
 research  in  India  has  been  in  existence  for  more  than  four  decades,  most  of  the 
 studies  were  concentrated  on  the    Arabian  Sea,  Bay  of  Bengal  or  Indian  Ocean 
 basin and meagre attention was paid to the southern hemisphere. The contribution 
 to  global  climate  could  be  better  understood  by  studying  more  about  the 
 circulation, air-  sea exchange and sea-air- ice dynamics of this region. Also  in a 
 changing climate scenario, a systematic study is needs to be conducted in the SO 
 to  understand  the  frontal  dynamics  and  water  mass  variability  more  precisely.  


The  Indian  Ocean  sector  of  the  SO  (IOSSO)  has  an  intricate  frontal  system  of 
quasi-zonal fronts that merge, split, and steer over the variable bottom topography 
in  the  Crozet  region  and  Kerguelen  region.    The  identification  of  fronts  and 
quantification  of  their  meandering  properties  are  essential  elements  in  tracing 
upper-level  ocean  circulation.    Also  towards  the  southern  part  this  region  is  the 
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site  of  an  important  confluence  in  the  polar  circulation  between  eastward 
 extension of the Weddell Gyre in the west and the Prydz Bay gyre in the east.  In 
 this region the ACC and its southern fronts, i.e. the southern ACC front (SACCF) 
 and  Southern  Boundary  (SB),  are  forced  southward  closer  to  the  Antarctic 
 continent  by  the  Kerguelen  Plateau.    The  other  major  physical  feature  of  this 
 system  is  the  annual  advance  and  retreat  of  sea  ice  and  its  influence  on  SO. 


Considering  the  complex  pattern  of  fronts,  zones,  water  masses  and  sea-ice 
 influence  on  the  upper  thermohaline  structure  in  the  IOSSO,  the  following 
 objectives were formulated for this doctoral research.   


Considering  the  complex  pattern  of  the  fronts  and  zones  in  the  IOSSO,  the 
 following objectives were formulated for this doctoral research.   


  To characterise the southern high latitude ocean based on various physico-
 chemical and biological parameters using in-situ, satellite and model data. 


  To  understand  the  effect  of  seasonal  ice  cover  on  the  thermohaline 
 structure. 


  To study the frontal dynamics and water mass variability in the IOSSO 
 The thesis summarizes the doctoral research and is organized as follows.  


Chapter 2 describes the various data sets that have been used in this thesis and 
Methodology followed to have a better understanding of the objectives proposed 
Chapter  3  characterises  the  southern  high  latitude  ocean  based  on  various 
physico-chemical  and  biological  parameters  using  in-situ,  satellite  and  model 
outputs.    The  water  masses  have  been  further  studied  with  respect  to  Dissolved 
Oxygen (DO), prevailing nutrients and Chl in the study area. 
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Chapter 4 explains the effect of seasonal ice cover on the thermohaline structure 
 of the study area.   


Chapter  5  describes  the  frontal  dynamics  and  water  mass  variability  in  the 
 IOSSO.    Under  this  chapter  three  significant  aspects  of  the  study area  has  been 
 addressed  i.e.  frontal  variability,  role  of  eddies  and  sea  ice  in  modifying  the 
 thermohaline structure in the study area. 


Chapter 6 summarizes the salient findings of this doctoral research 
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2.  Materials and Methods 



2.1 Study Area 


The  southwest  Indian  Ocean  (Fig.  2.1)  region  needs  to  be  investigated 
 systematically since the data available from this region are sparse, hampering the 
 knowledge regarding the influence of SO  in the climatic changes.  This region is 
 characterized  by  the  confluence  of  warm  Agulhas  Return  Current  (ARC)  and 
 Subtropical  Convergence.    The  areas  west  of the  Crozet Plateau  and  the east  of 
 Kerguelen-Amsterdam Passage are the key regions which have an intricate frontal 
 system of quasi-zonal fronts that merge, split, and steer over the variable bottom 


topography.     


Fig 2.1 Map of study area showing the cruise track 
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2.2 Materials



2.2.1 In-situ data 


Ship-based  observation  is  the  only  method  for  obtaining  high-quality 
 measurements  with  high  spatial  and  vertical  resolution  of  a  suite  of  physical, 
 chemical,  and  biological  parameters  over  the  full  ocean  water  column,  and  in 
 areas  of  the  ocean  inaccessible  to  other  platforms.    As  part  of  the  Indian  SO 
 programme,  expeditions  have  been  conducted  over  the  Indian  Ocean  Sector  of 
 Southern Ocean (IOSSO) during the austral summer for two years 2010 and 2011 
 (Table  2.1).    During  2010,  observations  were  made  from  40°S  57°  30′E  to  the 
 coastal  waters  of  Antarctica  (65°27′S  53°28′E)  and  during  2011,  observations 
 were made from 40°S to 60°S along the meridional section 57°30′E (Fig 2.2). 


High resolution hydrographic data was collected across various fronts using both 
 Conductivity  Temperature  Depth  (CTD)  and  Expendable  Conductivity 
 Temperature Depth (XCTD) probes.   A CTD (make: Sea-Bird Electronics, USA; 


temperature precision:  +0.001°C, conductivity:  +0.0001  S/m and depth  +0.005% 


of  the  full  scale)  and  XCTDs  (Make:  Tsurumi-Seiki  Co.  TSK  Ltd.,  Yokohama, 
Japan.  type:  XCTD-3;  precision  +  2%  of  depth,  +  0.03  mS/cm  for  conductivity, 
and  +  0.02°C  for  temperature)  were  deployed  to  collect  the  temperature  and 
salinity  profiles.  The  salinity  data  from  CTD  were  calibrated  against  water 
samples analyzed using a high-precision salinometer (Guildline AUTOSAL). 
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Cruise  Vessel  Duration  Instrument Used 


SOE-2010  ORV Sagar Nidhi  February 2010  CTD, XCTD,  
 SOE-2011  ORV Sagar Nidhi  February 2011  CTD, XCTD 


Table 2.1 Details of expedition and instrument used 



Fig 2.2 
CTD and XCTD locations in (a) February 2010 and (b) February 2011 
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2.3 Other Data sets used 


2.3.1 SST 


Monthly  SSTs  from  the  Group  for  High  Resolution  Sea  Surface  Temperature 
 (GHRSST)  on  1/4°  grids  (http://podaac.jpl.nasa.gov/dataset/NCDC-L4LRblend-
 GLOB-AVHRR_ AMSR_OI) was used to identify the fronts in the study region. 


2.3.2 Winds 


The  Advanced  Scatterometer  (ASCAT)  on  the  Meteorological  Operational 
 (MetOp)  satellite  of  the  European  Organization  for  the  Exploitation  of 
 Meteorological  Satellites  (EUMETSAT)  is  a  C  band  radar,  whose  primary 
 objective is to determine the wind field at the ocean surface (Figa-Salda˜na et al. 


2002).  Monthly  ASCAT  wind  stress,  Ekman  current  data  from  ERDDAP  were 
 used. 


2.3.3 Sea-Level Anomaly (SLA) 


In  addition  to  in-situ  data  the  fronts  were  identified  using  Maps  of  Absolute 
Dynamic  Topography  (MADT)  from  CLS/Archiving,  Validation  and 
Interpretation of Satellite Oceanographic (AVISO).  The MADT is the sum of the 
sea level anomaly data and a mean dynamic topography (Rio05-Combined Mean 
Dynamic  Topography  (CMDT)  (Rio  and  Hernandez,  2004)).    Satellite-derived 
SLA  maps  overlaid  by  the  geostrophic  velocities  were  utilized  to  show  the 
presence  of  eddies  in  the  study  area.    Geostrophic  velocities  were  downloaded 
from  AVISO  (http://www.aviso.oceanobs.com/duacs/).  Satellite  altimeter  SLA 
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data  were  obtained  from  AVISO  on  a  1/3  Mercator  grid  at  7  day  intervals  24. 


Contour maps of dynamic height were prepared using the SLA data. 


2.3.4 Surface Currents 


Ocean Surface Current Analysis–Realtime (OSCAR; http:// www.oscar.noaa.gov) 
 data were used to plot surface ocean currents (Bonjean & Lagerloef, 2002) 


2.3.5 Sea Ice 


The ice coverage data has been obtained from the Advanced Microwave Scanning 
 Radiometer for EOS (AMSR-E) which is a passive microwave radiometer on the 
 Aqua satellite that measures the radiance of microwave radiation from the Earth’s 
 surface.  The  Hadley  Centre  Global  Sea  Ice  and  Sea  Surface  Temperature 
 (HadISST)  (1  x  1°)  has  also  been  used  and  it  is  a    combination  of  monthly 
 globally complete fields of SST and sea ice concentration for 1871-present. 


2.3.6 Chlorophyll (Chl a) 


Mean monthly Moderate Resolution Imaging  Spectroradiometer (MODIS)- chl-a 
 at 9-km spatial resolution has been used to study the chl a distribution in the study 
 area 


2.3.7 Climatology data 


In  addition,  the  World  Ocean  Atlas  2013  version  2 (WOA13  V2)  ;  a  set  of 
objectively  analyzed  (1°  grid)  climatological  fields  of  temperature,  salinity, 
dissolved  oxygen,  Apparent  Oxygen  Utilization  (AOU),  percent  oxygen 
saturation,  phosphate,  silicate,  and  nitrate  at standard  depth  levels for  annual, 
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seasonal, and monthly compositing periods for the World Ocean has been used to 
 understand  the  variability  of  nutrients  with  various  water  masses.    This  dataset 
 also  includes  associated  statistical  fields  of  observed  oceanographic  profile  data 
 interpolated to standard depth levels on 5°, 1°, and 0.25° grids.  In this study the 
 1° resolution data has been used. 


2.3.8 International Comprehensive Ocean-Atmosphere Data Set (ICOADS) 
 The  ICOADS  Data  Set  offers  surface  marine  data  spanning  the  past  three 
 centuries,  and  simple  gridded  monthly  summary  products  for  2°  latitude  x  2° 


longitude  boxes  back  to  1800  and  1°x1°  boxes  since  1960.    To  understand  the 
 long term changes in the sea surface temperature (SST), air temperature, wind and 
 sea ice concentration were studied using ICOADS data sets (1°x1°) 


2.3.9 Climatic Indices 


The Southern Annular Mode (SAM) and Multivariate Enso Index (MEI) from the 
 NOAA  Climate  Prediction  Center  website  (http://  www.esrl.noaa.gov/psd 
 /data/climateindices/list)  were  used  to  understand  the  long  term  variability  of 
 SAM and ENSO. 


2.3.10 Model data 


The ECMWF (ORAS4) model data output was also used in the study.  The model  
uses the NEMO V 3.0(Madec, 2008), in the ORCA1 configuration (approximately 
1 x 1° with equatorial refinement) and gives data from 42 levels in the vertical, 18 
of  which  are  in  the  first  200  m  (http://apdrc.soest.hawaii.edu/).    Atmospheric 
derived daily surface fluxes are used to force this ocean model.  Daily fluxes of 
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solar radiation, total heat flux, evaporation-minus-precipitation and surface wind 
stress are taken from the ERA-40 reanalysis (Uppala et al., 2005) from September 
1957 to December 1989, ERA Interim reanalysis (Dee et al., 2011) from January 
1989 to December 2009, and the ECMWF operational archive from January 2010 
onwards. ORAS4 has been produced by combining the output of an ocean model 
forced by atmospheric reanalysis ﬂuxes and quality controlled ocean observations 
every10  days.  These  consist  of  temperature  and  salinity  (T/S)  proﬁles  from  the 
Hadley Centre’s EN3 data collection (Ingleby and Huddleston, 2007), which include 
expendable  bathythermographs  (T  only,  with  depth  corrections  from  Table  1  of 
Wijffels  et  al.  [2008]),  conductivity-temperature-depth  sensors 
(T/S),TAO/TRITON/PIRATA/RAMA  moorings  (T/S),  Argo  proﬁlers  (T/S),  and 
autonomous  pinniped  bathythermograph(or  elephant  seals,  T/S).  Altimeter-
derived  along  track  seaORAS4  has  been  produced  by  combining  the10  days 
output  of  an  ocean  model  forced  by  atmospheric  reanalysis  ﬂuxes  and  quality 
controlled  ocean  observations.    Gridded  maps  of  SST  from  NOAA  are  used  to 
adjust the heat fluxes via strong relaxation, and altimeter  global  mean sea-levels 
are used to constrain the global average of the fresh-water flux. The ocean model 
horizontal resolution  is approximately 1, refined meridionally down to 1/3 at the 
equator. There are 42 vertical levels with separations varying smoothly from 10 m 
at the surface to 300 m at the bottom, with partial cell topography. 
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2.4 Methods 


2.4.1 Frontal Identification 


Oceanic  fronts  were  identified  using  the  characteristic  property  indicators 
 following the criteria listed by Peterson and Whitworth (1989); Park et al. (1993); 


Belkin  &  Gordon  (1996),  Sparrow  et  al.  (1996),  Holliday  &  Read  (1998), 
 Kostianoy et al.(2004), and Billany et al. (2010) [Table 2.2]. 


Front  Temperature  Salinity 


Northern  Subtropical 
 Front (NSTF) 


21–21–221–22 °C at surface  surface salinity ∼35.5  


Agulhas  Return  Front 
 (AF) 


19–17 °C at surface;  


10  °C  isotherm  from  300  to 
 800 m 


35.54–35.39  at  surface; 


35.57–34.90 at 200 m 


Southern  Subtropical 
 Front (SSTF) 


17–11 °C at surface;  


12–10 °C at 100 m 


35.35–34.05  at  surface; 


35–34.6 at 100 m; 34.92–


34.42 at 200 m 
 Subantarctic  Front 


(SAF1) 


11–9 °C at surface; 8–5 °C at 
 200  m  (along  45°E)  11–10 


°C at surface; 8–5°Cat 200 m 
 (along 57°30′E) 


34.0–33.85  at  surface; 


34.40–34.11 at 200 m 
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Subantarctic  Front 
 (SAF2) 


7–6  °C  at  surface  4°  C 
 isotherm  at  200  m  depth 
 (along  45°E)  9–8°C  at 
 surface 4° C  isotherm at 200 
 m depth (along 57°30′E) 


surface  salinity  ∼33.85 
 south of SAF 


Polar Front 1 (PF1)  5–4  °C  at  surface  northern 
 limit  of  the  2  °C  isotherm 
 below 200 m 


33.8–33.9 at surface 


Polar Front 2 (PF2)  3–2 °C at surface  33.8–33.9 at surface 
 Southern  Antarctic 


Circumpolar  Current 
 Front (SACCF) 


Temperature  maximum 
 Tmax>1.8°C  


Salinity  maximum 
 Smax>34:73  


Southern Boundary of 
 ACC (SB) 


1.5 °C isotherm  


 Table 2.2 Properties used for frontal identification 


2.4.2 Water mass Properties 


The  different  water  masses  found  in  the  study  area  was  demarcated  using  the 
criteria followed by authors such as Anilkumar et al., 2006 (Table 2.3). 
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Water mass  Characteristics  Depth (m) 


Temperature 
 (°C) 


Salinity  Density  
 (kg m−3) 
 Subtropical  Surface 


Water (STSW) 


> 12  > 35.1  0-200 


Subantarctic  Surface 
 Water (SASW) 


9  <34  0-200 


Antarctic  Surface 
 Water (AASW) 


<5  <34  0-200 


Sub  Tropical  Mode 
 Water(STMW) 


11 to 14  35 to 35.4  26.5 to 26.8  400-700 


Antarctic 


Intermediate  Water 
 (AAIW) 


∼4.4  ∼34.42  ∼27.24  700-1200m 


Circumpolar  Deep 
 Water (CDW) 


∼2  ∼34.77  ∼27.8  2000-
 3800m 
 Antarctic  Bottom 


Water (AABW) 


∼−  0.165  to 


− 0.62 


∼34.67  to 
 34.652 


∼27.85  to 
 27.85 


>3000m 


Table 2.3 Properties used for water mass identification 
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2.4.3 Freshwater thickness 


The thickness of fresh water input in the surface layer relative to WW in the study 
 region was estimated using the formula of Park et al. (1998): 


Fig. 2.3  Schematic of typical vertical profiles of temperature T and salinity S.  in 
 summer  (Taken  from  Park  et.al.,  1998).  Dashed  vertical  lines  indicate  the 
 hypothetical  profiles  of  the  winter  mixed  layer  (WML)  temperature  (Tw)  and 
 salinity (Sw), which are homogeneous down to the depth Dw. Ds and Dc denote 
 the  surface  mixed  layer  (SML)  depth  and  Winter  Water  (WW)  core  depth, 
 respectively. 


h=DC(SW−Sbar)


SW ,Sbar= 1


DC
[
−D∫
0CSdz]
,
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Where h  is  the  thickness  of the  freshwater  input  per  unit  surface  area, Dc  is  the 
 WW depth, Sw is the WW salinity, and Sbar is the depth-averaged salinity between 
 the surface and WW depth. 


2.4.4  Eddy Kinetic Energy (EKE) 


EKE was calculated by using the following formula 




 2 2



1



EKE  2 u  v


where u and v are zonal and meridional geostrophic current components 


2.4.5 Geostrophic Velocity 


Geostrophic  velocity  was  calculated  using  the  SLA  data  following  the  below 
 mentioned formulae by Pond and Pickard (1978) 


g SLA


U f y


 


   


g SLA


V f x


 


   


Where g is the acceleration due to gravity and f is the Coriolis force and u and v 
are the geostropic velocity components 
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2.4.6 Eddy tracking 


From the maps, dynamic heights > 20 cm were considered as anticyclonic eddies 
and  those <  –20  cm  corresponded  with  cyclonic  eddies.  The  eddies  observed  in 
the  study  area  were  visually  tracked  in  order  to  have  an  understanding  of  their 
time and location of evolution. They were tracked for a period of eight months in 
the time span ranging from October 2010 to May 2011. The position of the eddy 
cores was identified from the weekly maps and then the track followed by them 
was plotted. 
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3 .  Characterization  of  the  southern  high  latitude  ocean  based  on  various  physico-chemical  and  biological  parameters  using  in-situ,  satellite  and  model data


3.1 Introduction 


Satellite and in situ observations showed that the SO is a very turbulent region 
 (Sokolov  and  Rintoul  2007;  Sokolov  and  Rintoul  2007;  Sallée  et  al.,  2008). 


This  is  particularly  true  for  the  ACC  which  flows  eastward  not  as  a 
 homogeneous  wide  flow  but  in  the  form  of  a  number  of  quasi-permanent 
 circumpolar  jets  which  are  characterised  by  enhanced  meridional  gradients  of 
 water  properties(Deacon  1937;  Nowlin  and  Clifford  1982;  Orsi  et  al.  1995; 


Belkin  and  Gordon  1996).  These  jets  are  limited  by  fronts  that  dynamically 
separate water masses. Their positions are determined by topographic steering 
(Gordon et al., 1978; Rintoul and Sokolov 2001) and wind stress curl (Nowlin 
and  Klinck,  1986).  (Belkin  and  Gordon,  1996)  have  shown  that  Southern 
Indian  Ocean  has  a  complicated  frontal  system  of  quasi-zonal  fronts  with 
remarkable regional differences which is determined by peculiarities of bottom 
topography.   The ACC is characterized by multiple narrow frontal jets. From 
north  to  south,  the  fronts  and  zones  of  the  SO  are:  the  Sub  Tropical  Front 
(STF),  Subantarctic  Front  (SAF),  Polar  Front  (PF)  and  Antarctic  Zone  (AZ) 
(Whiteworth, 1980, Orsi, 1995). The ACC, is steered by topography, such that 
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the position and structure of its jets and fronts deviate from the zonal direction, 
 both  spatially  (Sokolov  and  Rintoul,  2009)  and  temporally  (Chapman  and 
 Morrow,  2014).  These  fronts  can  inﬂuence  the  upwelling  and  ultimate 
 ventilation  of  deep  waters,  which  can  in  turn  affect  the  formation  of 
 watermasses at the surface (Böning et al., 2008; Meijers et al., 2012;  Meijers, 
 2014)  and  can  act  to  suppressed  meridional  exchange  of  tracers  (Ferrari  and 
 Nikurashin,  2010;  Thompson  and  Sallée,  2012).  Frontal  anomalies  could  also 
 result  in  anomalous  water  mass  properties  being  redistributed  throughout  the 
 ocean by the strong zonal currents that compose the ACC (Sallée et al., 2008). 


Also,  approximately  80%  of  the  net  heat  content  increase  in  the  Southern 
 Hemisphere oceans appears to have occurred south of 30° S, largely within the 
 ACC  (Gille,  2008).    A  number  of  studies  have  noted  that  the  warming  trend 
 identified  in  the  ACC  region  has  been  characterized  as  being  consistent  with 
 displacing the ACC poleward by about 1° latitude every 35 years (Gille, 2008; 


Sprintall, 2008; Morrow, et. al., 2008). This complex frontal system also plays 
a key role in the global carbon cycle. The upwelling deep water south of the PF 
brings to the surface dissolved nutrients and carbon dioxide (CO2), and releases 
this gas to the atmosphere. In contrast, the Intermediate Water and Mode Water 
masses sinking north of the PF transport heat, carbon and other properties into 
the  ocean  interior.    The  balance  between  upwelling  and  outgassing  versus 
subduction of carbon into the ocean interior determines the strength of the SO 
sink of CO2.  This balance depends on wind forcing and eddy dynamics of the 
ACC. The location and intensity of ACC fronts have a significant influence on 
the heat, salt, and nutrient exchange in the world ocean (Rintoul and Sokolov, 
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2001)  as  part  of the  global  meridional  overturning  circulation  (MOC).  Hence 
 understanding  the  structure  and  location  of  the  major  fronts  of  the  SO  is  of 
 considerable importance.  In this chapter the physical parameters are utilised to 
 demarcate the fronts and watermasses and in addition chemical and biological 
 parameters are further analysed to see if they follow the same zonation.   


3.2 Results and Discussion  


An attempt has been made to study the different fronts and water masses in the 
 study  area  using  physical,  chemical  and  biological  parameters.  Temperature, 
 salinity,  SST  gradient  and  Maps  of  Absolute  Dynamic  Topography  (MADT) 
 are the factors that have been considered under the physical parameter.  Under 
 chemical parameters, Dissolved Oxygen (DO) and nutrients have been selected 
 and Chl a has been associated with biological parameter. 


3.2.1 Temperature and Salinity 


The Indian sector of SO has a complicated frontal system of quasi-zonal fronts 
with  remarkable  regional  differences,  determined  by  peculiarities  of  bottom 
topography  (Park  et  al.,  1993;  Belkin  and  Gordon  1996;  Kostianoy  et  al., 
2004).  Recognition  of  the  multiple  branches  of  the  SO  fronts  helps  in 
reconciling  the  differences  between  front  locations  determined  during  the 
earlier observations. The intensity of the fronts (as measured by the cross-front 
gradients  of  sea  surface  height)  varies  along  the  fronts  and  the  individual 
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branches merge and diverge, often in response to interactions with bathymetry 
 (Sokolov and Rintoul 2007, 2009). The frontal structures are more complex in 
 the  western  region  of  the  Indian  sector  of  the  SO  due  to  the  influence  of  the 
 Agulhas Retroflection and bottom topography (Belkin and Gordon, 1996).  The 
 SO  features  several  frontal  systems  that  together  form  the  eastward  flowing 
 ACC. Various fronts of the ACC in their circumpolar path accord with precise 
 contours  of  sea  surface  height  and  the  earlier  reports  that  portrayed  the 
 concurrence  of  frontal  positions  located  from  both  MADT  and  in-situ 
 hydrographic data (Sokolov and Rintoul, 2007; Swart et al., 2008; Sokolov and 
 Rintoul, 2009; Swart et al., 2010). As the ACC plays a major role in the climate 
 system  (Gordon  1986;  Rintoul,  1991;  Speich  et  al.,  2001)  it  is  imperative  to 
 study the ACC fronts in detail.    


The  Subtropical  Front  (STF)  in  the  southern  hemisphere  is  a  major  zonal 
oceanic feature  in the Indian, Pacific, and Atlantic Oceans between 30°S and 
40°S (Belkin and Gordon 1996, Fig.5) and is  a boundary between subtropical 
waters  and  subantarctic  waters  (Deacon,  1937;  Hamilton,  2006).  Lutjeharms 
and Valentine (1984) described a broad frontal zone  in the  subtropical region 
and named it as subtropical frontal zone.  The  STF  is differentiated by a zonal 
band  of  enhanced  meridional  sea  surface  temperature  (SST)  and  sea  surface 
salinity (SSS) gradients and it lies towards the pole ward side of the Subtropical 
Convergence  Zone  (SCZ)  (James  et  al.,  2002).    Studies  have  shown  that  this 
front  is  extending  from  the  coast  of  Argentina    around  30°S,  then  gradually 
shifting  southward to 40°S south of Africa and along the same position in the 
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Indian  and  central  Pacific  Ocean  and  again  shifts  northwards  to  the  coast  of 
 Chile  around  25°S  (Tomczak  and  Godfrey,1994).    The  STF  separates  the 
 subtropical  gyres  form  the  eastward  flowing  ACC  (Stramma  and  Peterson, 
 1990; Stramma, 1992; Stramma et al.,1995).  Jasmine et al. (2009) reported that 
 frontal zones and frontal regions exhibited wide differences in hydrography as 
 well  as  biological  characteristics.  The  STF  defines  the  southern  limit  of  the 
 subtropical  gyres,  separating  them  from  the  broad  westward  flow  of  the 
 Circumpolar  Current  which  lies  further  south  (Stramma  and  Peterson,  1990; 


Stramma, 1992; Stramma et al., 1995).  Another peculiarity of this front is that 
 it  is  located  in  a  region  of  short  term  and  seasonal  variability  with  a  high 
 incidence  of  eddy  formation  and eddy  shedding  (Hamilton,  2006)  and  is  also 
 known  to  be  a  region  of  enhanced  primary  productivity  and  water  mass 
 formation. 


The  Antarctic  Polar  Front  (PF),  or  Antarctic  Convergence,  is  circumpolar  in 
nature  and  marks  the  location  where  Antarctic  surface  waters  moving 
northward  sink  below  Subantarctic  waters  (Deacon,  1933).    Previous  studies 
(Botnikov, 1963; Lutjeharms and Valtentine, 1984; Moore et al., 1997, 1999a) 
suggested that the Antarctic PF has both surface and subsurface expressions.  It 
is commonly defined by the northernmost extent of the subsurface temperature 
minimum (Tmin) cooler than 2°C, where the Tmin ends or dips abruptly below 
200  m  (  Belkin  and  Gordon,  1996).The  southern  ACC  front  (SACCF)  and 
southern  boundary  of  ACC  (SB)  shall  be  identified  from  the  most  southerly 
position of the sub-surface 1.8 and 1.5 °C isotherms, respectively. 
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Temperature  and  salinity  section  along  57°30’E  during  2010  are  presented  in 
 Fig.  3.1a  and  b.  Along  this  transect,  the  SSTF  was  noted  between  41°S  and 
 45°S;  SAF1  between  45°S  and  47°S;  SAF2  between  47°S  and  48°S;  PF1 
 between 50°S and 52°30’S and PF2 as a wide front between 55°S and 59°30’S. 


SACCF  was  demarcated  between  60°S  and  61°S  and  the  SB,  between    64°S 
 and  64°30’S.    Holliday  and  Read  (1998)  reported  the  occurrence  of  STF 
 between 40°S and 42°S along 55°E. During 2004, along 57°30’E, the merged 
 Agulhas  Front  (AF)    and  Subtropical  Front  were  identified  between  43°30’S 
 and 45°S,  SAF1 and   SAF2 between 45°30’S and 46°30’S  and south of 47°S, 
 respectively (see Figs. 5 and 6 in Anilkumar et al. 2006).  


Figure 3.1  Vertical structure of (a), temperature (°C) and (b) salinity along 57 


°30’E in 2010 


During 2011 AF+SSTF+SAF1 was identified as a  merged wide frontal system 
 between  40°30’S  and  46°30’S  (Fig.  3.2  a  and  b).  East  of  54°E,  this  merged 
 frontal  system  has  been  reported  as  the  Crozet  Front  by  Belkin  and  Gordon 


B


A 


A


A 
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(1996). Park et al., (1993) Sparrow et al., (1996) and Kostianoy et al., (2004) 
 have reported this merged frontal system with more spatial variation compared 
 to  the  present  findings.  The  SAF2  was  identified  between  46°30’S  and 
 47°30’S. PF1 was identified between 50°30’S and 52°S. PF2 was observed as a 
 relatively wider front between 53°30’S and 56°30’S along 57°30’E. Moore et 
 al.,  (1997,  1999)  used  satellite  SST  maps  to  study  the  dynamics  of  the  PF, 
 which  showed  its  position  between  49°30’S  and  52°S,  but  this  is  not 
 compatible  with  the  position  of  PF1  and  PF2  identified  in  this  study.  During 
 2011 the AF was  identified as a separate front, thereby confirming the earlier 
 finding of Belkin and Gordon (1996). Kostianoy et al., (2004) opined that the 
 AF’s cyclonic meander can increase the distance between the AF and STF/SAF 
 up to 3° of latitude.  


Figure  3.2 Vertical  structure  of  (a),  temperature  (°C) and  (b)  salinity  along  57 


°30’E in 2011 


Gladyshev et al., (2008) reported that the locations of the SAF, PF and SACCF 
 are  controlled  by  the  neighbouring  ridges.  Compared  to  the  previous  studies 
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(Park  et  al.,  1993;  Belkin  and  Gordon  1996;  Sparrow  et  al.,  1996),  some 
 differences were noted in the position of the SAF in the present study. SAF was 
 distinguished as  SAF1 and  SAF2 along all the tracks. In earlier reports it was 
 observed as surrounding the Crozet Plateau (Moore et al., 1999). Holliday and 
 Read (1998) reported a width of ~1.5° latitude along 45°E for SAF. Lutjeharms 
 and Valentine (1984) reported the width of SAF as ~2.5° latitude. These results 
 attest to the significant inter-annual variability in the frontal systems of the SO.   


3.2.2 MADT and SST Gradient 


Following the method of  Swart & Speich (2010), the mean MADT calculated 
from 1992 to 2010 was used to compute the meridional gradients per 100 km of 
mean MADT.  These gradients were then used to identify the core locations of 
various  fronts  57°30  ′E  (Fig.  3.3).  Swart  &  Speich  (2010)  suggested  that 
isolines of MADT coincide with constant water mass.  
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Figure 3.3  Mean  MADT  gradient  (cm  100  km−  1  )  (computed  from  weekly 
 MADT data from 1992 to 2010 


 Along 57°30 ′ E, the SSTF, SAF1 and SAF2 were identified at 43°30 ′ S, 45°S 
and 48°30 ′ S, respectively. Further, the PF1 and PF2 were observed at 51°30 ′ 
S  and  57°30  ′  S,  respectively.    The  locations  of  the  gradient  maxima  and  the 
associated  lines  of  MADT  were  almost  identical  to  the  frontal  positions 
identified using the hydrographic data. Also the core locations of fronts derived 
from the satellite SST were consistent with those of the hydrographic data (Fig 
3.4). 
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Figure 3.4 Core frontal locations determined using MADT and frontal location 
 and its width using satellite SST (GHRSST)  along 57°30 ′ E.


3.2.3 Water mass 


The  water  masses  were  identified  based  on  the  scatter  plots  of  Potential 
 temperature  (θ  °C)–Salinity  (S)  criteria  put  across  by  various  studies  and  the 
 nature of the individual water masses is discussed below.   


Figure 3.5 Water masses along 57°30’E A, 2010 and B, 2011 
 A


A 


B


A 
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The  subtropical  surface  water  (STSW)  is  characterized  by  high  salinity  water 
 (S>35.1) with temperature θ >12°C above 200m depth. The STSW is observed 
 north  of  the  subtropical  front  (STF).    Subantarctic  Surface  Water  (SASW)  is 
 found between the STF and the SAF (Deacon, 1937; Read and Pollard, 1993).  


It  is  characterized  by  low  temperature  and  salinity  (θ=9  °C,  S<34.0)  (Park  et 
 al.,  1993).    Antarctic  Surface  Water  (AASW)  can  be  identified  by  the 
 characteristic (θ <5 °C, S<34.0).  The AASW is typically encountered at the PF 
 (Anilkumar  et  al.,  2006,  Luis  and  Sudhakar,  2009).    The  Subtropical  Mode 
 Water  (STMW)  is  formed  by  wintertime  convection  in  the  area  immediately 
 north of the ACC and appears as a pycnostad or thermostad below the seasonal 
 pycnocline  (Park  et  al.,  1993,  Stramma  and  Lutjeharms,  1997).    This  water 
 mass is characterized by a wide range of property (11 < θ < 14 °C; 35.0<S<35; 


26.5<σθ<26.8  kg/m3).   The  features  of  AAIW  characterized  by  its  properties 
 (θ∼4.4 °C; salinity minimum (Smin) ∼34.42 and σθ∼27.24 kg/ m3)  (Anilkumar 
 et al., 2006).  AAIW is formed continuously near the PF spanning 50° to 55°S, 
 where  water  with  θ∼2.2  °C  and  S∼33.87  sinks  and  spreads  northward 
 (Sverdrup et al., 1942). Fine (1993), Toole and Warren (1993) reported that the 
 region near the Kerguelen Plateau is a source of AAIW entering Indian Ocean 
 and  confined  its  presence  in  the  Crozet  Basin.    AAIW  is  generally  found 
 between the  depths  of  800  to1200  m  in  the  southwest  Indian  Ocean  (Wyrtki, 
 1971).   The Circumpolar Deep Waters CDW, which occurs below the AAIW, 
 is the voluminous water mass in the SO with its remarkable features (θ∼2 °C; 


S∼34.77; and σθ∼27.8 kg/m3). It occupies the depth range 2000–3800 m north 
of  45°S  and  it  rises  sharply  to  shallower  depths  towards  the  south.    The 
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Antarctic  Bottom  Water (AABW)  has  a  range  of  characteristic  properties, 
 θ∼−0.165  to  −0.62  °C,  S∼34.671  to  34.652  psu  and  σθ∼27.848  to  27.856 
 kg/m3 at 4100 to 4700 m depth (Anilkumar et al., 2006).   


Signatures  of  the  STSW  was  observed  up  to  44°S  in  2010  and  45°S  in  2011 
 along 57°30 ′E. The signatures of the STMW that were observed in the present 
 investigation  were  similar  to  those  reported  previously  by  McCartney  (1977) 
 and Park et al., (1991), whereas Tsubouchi et al. (2010) observed its signatures 
 in the regions 28°E –45°E and 60°E –80°E. The STMW can be identified in the 
 depth range of 400 to 700 m, with a potential density anomaly range of 26.5 to 
 26.8 kg/m3, where the potential density pycnostad develops (Park et al., 1993). 


It  has  been  reported  that the  STMW  is  formed  in  the  Crozet  Basin  (Fig.  4  of 
Belkin & Gordon 1996). Along 57° 30 ′E, the STMW was identified up to 44°S 
and  45°S  in  2010  and  2011,  respectively.    The  Antarctic  Intermediate  Water 
(AAIW)  from  the  southwest  IOSSO  is  the  dominant  AAIW  type  east  of  the 
Agulhas  Current  retroflection  (Roman  &  Lutjeharms,  2010).  The  AAIW 
identified  in  the  Crozet  Basin  mainly  originates  from  the  region  near  the 
Kerguelen  Plateau  (Molinelli,1981;  Fine,  1993;  Toole  &  Warren,  1993).  The 
depth  of  this  water  mass  has  been  reported  to  be  between  1000  and  1300  m 
(Park  et  al.,  1993;  Bindoff  &  McDougall,  2000).  In  the  present  study,  the 
features  of  the  AAIW  were  observed  between  1000  and  1500  m.    The 
southward  extent  of  the  AAIW  was  observed  up  to  45°S  in  2010  and  2011 
along  57°30  ′E.    Signatures  of  the  Subantarctic  Surface  Water  (SASW)  were 
observed between 45°S and 47°S along 57°30 ′E.  The Antarctic Surface Water 
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