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(3)PREFACE 


In  recent  years  an  increased  attention  has  been  paid 
 on  frontal  research  in  different  parts  of  the  World  Ocean. 


Fronts  in  the  Southern  Ocean  are  of  planetary  scale  nature 
 and  our  attemp~S to  study  them  are  hampered  by  the 
 remoteness  of  the  oceanic  area  as  well  as  by  the 
 environmental  difficulties  for  working  in  the  Southern 
 Ocean.Except  in  the  Drake  Passage,  the  earlier 
 investigations  were  of  opportunity  type  in  the  sense  that 
 during  a  cruise  an  oceanic  front  was  unexpectedly 
 discovered,  resulting  only  in  a  brief  investigatiOflof  the 
 frontal  phenomenon.  However,  in  the  recent  past,  more 
 systematic  investigations  have  been 


highly  sophisticated  instruments  in 


carried  out  using 
 the  Atlantic  and 
 Pacific  Sectors  of  the  Southern  Ocean.  Though  some  efforts 
 were  also  made  to  examine  fronts  in  the  Indian  Ocean 
 sector,  the  information  is  still  fragmentary. 


In  the  coming  years,  the  research  covering  the 
 dynamics  of  the  fronts  and  their  effects  on  biological, 
 acoustic  and  atmospheric  processes  will  be  intensified. 


Therefore,  it  is  felt  that  a  detailed  account  of  frontal 
characteristics  in  the  Southern  Ocean  from  the  archieved 
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data  might  be  useful  as  a  baseline  information  before 
 accelerating  our  efforts  to  understand  the  influence  of 
 fronts. 


The  present  thesis  is  an  outcome  of  the  work  carried 
 out  on  fronts  in  the  Indian  Ocean  sector  of  Southern 
 Ocean. 


The  thesis  is  divided  into  seven  Chapters.  Chapter  I 
consists  of  introduction  to  oceanic  fronts  in  general  with 
special  relevence  to  those  in  the  Southern  Ocean.  Details 
of  data  used  and  the  methods  of  analysis  adopted  in  the 
present  study  have  been  given  in  Chapter  II.  The 
hydrographic  property  distributions  at  selected  meridions 
are  presented  in  Chapter  III  and  the  zonal  volume  flux  at 
different  fronts  has  been  dealt  in  Chapter  IV.  The 
importance  of  the  Southern  Ocean  fronts  as  productive 
zones  is  shown  in  Chapter  V.  The  major  characteristics  of 
southern  Ocean  fronts  such  as  their  mean  location,  width, 
the  gradients  in  hydrographic  properties  across  them  and 
their  contribution  to  ACC  in  the  western  and  eastern 
regions  of  the  Indian  Ocean  sector  of  the  Southern  Ocean 
are  discussed  in  Chapter  VI.  Finally  the  last  Chapter  VII 
includes  the  summary  and  conclusion  arrived  at. 
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(16)INTRODUCTION 


The  remote  position  of  the  Southern  Ocean  conceal~s the 
 general  knowledge  about  the  processes  occurring  in  the  high 
 lati tudes.  The  Southern  Ocean  has  been  recognized  as  an 
 ocean  area  of  special  global  relevance  only  after 
 Discovery  I  (1925  - 1930)  expeditions  by  British 
 oceanographers,  laying  the  foundation  of  our  knowledge  of 


cloo~ t\"v~ 


the  Southern  Ocean.  Not  only" ~ ocean  with  a  zonal  flow 
 around  the  globe  link~ the  three  major  oceans,  but  i t   also 
 initiates  the  deep  ocean  circulation  through  the  deep 
 Antarctic  Convection  (bottom  water  formation),  which  in 
 turn,  maintains  the  main  thermocline  throughout  the  world 
 ocean.  This  deep  convection  further  causes  the  Southern 
 Ocean  to  act  as  a  large"  heat  sink,  thus  forming  a  strong 
 link  between  ocean  and  atmosphere.  The  permanent 
 convergences  or  fronts  (Antarctic  Polar  Front - APF  and  Sub 
 Tropical  Front - STF)  in  the  Southern  Ocean  are  responsible 
 for  the  intermediate  depth  circulation  of  the  world  ocean. 


The  sources  of  Antarctic  Intermediate  Water  and  Central 
 Watermasses  are  APF  and  STF.  The  Southern  Ocean  is  an 
 important  study  area  for  understanding  the  world's  climate 
 and  its  changing  conditions,  as  planetary  scale  fronts  play 


"-"1\  . "" 
CJ 


an  important  role ~contrormeridional heat  flux  from  lower 
to  higher  latitudes. 
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1.1  Ocean  Fronts  and  general  characteristics: 


An  oceanic  front  is  a  sharp  boundary  zone  between 
 adjacent  watermasses  of  dissimilar  properties.  It  is 
 recognised  by  the  discontinuity  in  the  properties  of 
 watermasses  in  the  horizontal  direction.  The  fronts  are 
 characterised  with  gliding  and  sliding  of  watermasses  of 
 different  densities. 


Fronts  are  important  in  the  study  of  the  oceanic 
 dynamics.  Interacting  with  atmosphere,  fronts  generate 
 atmospheric  disturbances.  Large  scale  fronts  have 
 significant  role  in  controlling  weather  and  climate.  Hence 
 an  understanding  of  their  cause  and  effect  is  necessary  in 
 forecasting  global  climate.  The  design  of  fishing  strategies 
 for  maximum  yMlds  involves  a  detailed  knowledge  of  the 
 locations  of  oceanic  fronts  which  are  normally  associated 
 wi th  higher  biological  producti vi ty.  Pingree  and  Mardell 
 (1981)  reported  biological  enhancement  at  tidal  fronts  in 
 the  shelf  seas  around  the  British  Islands.  The  northern 
 edge  of  the  subtropical  convergence  has  been  associated  with 



1\ 
 a  high  fishery  resource  (Planke,  1977).  As  a  region  of 

!\  convergence,  fronts  concentrate  pollutants.  Cadavers,  small 
boats  and  swimmers  can  also  be  trapped  into  them.  A 
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knowledge  on  the  locations  of  fronts  is  necessary  to  design 
 the  marine  based  discharge  outfalls  and  for  the  agencies 
 charged  with  search  and  rescue  operations. 


Oceanic  fronts  generally  have  large  surface  gradients 
 either  in  temperature  or  salinity  or  both.  The  thermal  and 
 haline  gradients  can  reinforce  each  other  forming  strong 
 density  fronts  or  they  can  compensate  each  other  resulting 
 in  the  weak  density  gradients  or  dens'ity  compensated  fronts. 


The  density  fronts  are  persistent  and  strong  baroclinic 
 zones  associated  with  geos trophic  jets.  On  the  other  hand 
 density  compensated  fronts  are  weak  baroclinic  zones  and  are 
 marked  by  the  interleaving  of  different  watermasses  along 
 surfaces  of  constant  density.  Since  fronts  are  generally 
 associated  with  sharp  thermohaline  gradients  together  with 
 jet-like  flows,  they  can  be  sources  of  recoverable  thermal 
 and  haline  energy,  and  also  they  can  be  the  sources  of 
 mechanical  energy. 


Few  theoretical  investigations  have  been  carried  out  in 
 the  field  of  oceanic  frontal  dynamics  as  compared  to  the 
 intense  research  done  in  the  case  of  atmospheric  fronts.  For 
 a  two  layer  model  of  a  stationary  front,  v~elander  (1963) 
 investigated  the  upwelling  features  along  a  frontal 
 interface.  Orlanski  ~~. 


(1969)~ Orlanski  and  Cox  (1972)  studied 
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the  baroclinic  instability  and  applied  this  model  to  the 
 Gu1f  Stream  front.  After  applying  the  theory  in  the  natural 
 case,  Rao  et  al.  (1971)  found  that  the  meanders  of  Gulf 
 Stream  between  Miami  and  Hatters  were  unstable  baroclinic 
 waves.  This  model  predicted  average  vertical  motion  of  the 
 order  of 0.1  cm/s  with  a  maximum  value  up  to 1  cm/so 


A  frontal  interface  between  two  watermasses  is  in 
 slanting  position,  indicating  a  current  shear  across  it.  The 
 shear  depends  on  the  slope  of  the  interface,  the  Coriolis 
 parameter  and  the  difference  in  density,  and  can  as  a  first 
 approximation  be  expressed  by  the  Wittee-Margules  equation 


6v = ~. 6E>  + 0 oC 


f  ~ 


where  6V  is  the  shear, 6~ is  the  density  difference,  0  is 
 the  gravity,  f  is  the  Coriolis  parameter  and  0:.  the  slope 
 of  the  interface.  If  the  slope  and  density  difference  are 
 known  from  the  hydrographic  data,  a  rough  estimate  of  the 
 shear  can  be  obtained. 


In  the  ocean  the  probable  mechanisms  for  the  formation 
of  fronts  are  horizontal  shearing  motion,  horizontal  and 
vertical  deformation  fields,  differential  vertical  motion, 
surface  friction,  turbulent  wind  mixing  and  non--uniform 
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buoyancy  fluxes  (heating  and  cooling,  precipitation  and 
 evaporation,  river  runoff,  ice  melt,  ice  brine  etc).  Rao  and 
 Murthy  (1973)  developed  a  theoretical  model  to  understand 
 the  motions  near  the  frontal  zone.  But  the  model  results 
 showed  fronts  as  regions  of  divergence  nature  rather  than 
 convergence,  thus  contradicting  all  the  field  observations. 


Witte  (1902)  and  Voorhis  (1969)  indicated  that  the 
 mixture  of  two  watermasses  at  the  fronts  had  density  greater 
 than  that  of  either  watermass,  since  the  equation  of  state 
 is  nonlinear.  Voorhis  (1969)  further  stated  that  the 
 turbulence  due  to  mixing  of  two  watermasses  could  result  in 
 a  surface  discontinuity  for  a  longer  time.  The  velocity  with 
 which  water  sinks  at  the  front  is  maximum  and  the  flow  field 
 at  the  front  has  an  intense  horizontal  shear  normal  to  i t   as 
 water  from  both  sides  of  the  front  are  coming  closer  to  it. 


Such  shears  are  common  for  large  scale  fronts  but  minimal 
for  small  scale  fronts.  On  the  basis  of  hydrographic  studies 
on  fronts,  Cromwell  and  Reid  (1956);  Knauss  (1957);  Voorhis 
and  Hersey  (1964);  Katz  (1969)  and  Voorhis  (1969)  found 
that  the  fronts  were  associated  with  sharp  gradient  in 
temperature  and  hence  termed  as  thermal  fronts.  Horne  (1978) 
suggested  the  manifestation  of  a  front  even  in  the  presence 
of  diffusion. 
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Oceanic  fronts  are  classified  into  several  categories. 


These  are  fronts  forming  (i)  at  subtropical  convergence  (Sub 
 Tropical  Front  - STF),  Subantarctic  convergence  (Sub 
 Antarctic  Front - SAF)  and  Antarctic  Convergence  (Antarctic 
 Polar  Front - APF)  with  planetary  scale  (ii)  at  the  edges 
 of  major  western  boundary  currents  in  association  with 
 intrusion  of  warm  water  of  tropical  origin  into  higher 
 latitudes  and  (iii)  at  shelf  break  between  the  coastal  and 
 deep  sea  waters.  In  the  coastal  areas  of  pronounced 
 upwelling,  fronts  also  form  as  suggested  by  Collins  et  al. 


(1968);  Bang  (1973)  and  Mooers  et  al  (1976).  Coastal  plume 
 fronts  form  at  the  lateral 


discharges  (Ryther  et  al., 
 Coleman,  1971  and  Garvine 


and  leading  edges  of  river 
1967;  Gibbs,  1970;  \,lright  and 
and  Munk,  1974).  The  zones  of 
horizontal  gradients  in  continental  seas  and  around  island 
banks  represent  the  boundary  between  the  tidally  mixed 
nearshore  waters  and  stratified  deeper  offshore  waters.  The 
equatorial  fronts  forming  in  response  to  the  \vinds  were 
studied  by  Wyrtki  (1966).  The  equatorial  front  in  the 
eastern  Pacific  Ocean  separates  the  cold  saline  waters  of 
the  Peru  Current  from  the  warm  fresher  tropical  waters  (Pak 
and  Zaneveld,  1974). 
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1.2  Southern  Ocean  Circulation  and  Fronts: 


The  southern  extent  of  the  world  ocean  was  established 
 for  the  first  time  by  James  Cook  after  his  historic  voyage 
 to  Antarctica  in  the  18th  Century  (1772-1773).  Germans  had 
 acquired  some  knowledge  about  the  circumpolar  water  and  the 
 convergence  zones  in  the  early  19th  century.  However, 
 vigorous  investigations  were  started  on  the  Southern  Ocean 
 only  around  the  middle  of  20th  century  as  a  part  of  the 
 International  Geophysical  Year  (1957- 1958).  For  the  first 
 time,  mechanical  bathythermograph  data  provided  a  high 
 resolution pict~re of  the  thermal  structure  of  frontal  zones 
 and  indicated  the  existence  of  eddies  within  them  (Wexler, 
 1959).  The  presence  of  high  meridional  temperature  gradient 
 in  the  surface  waters  around  500S,  first  reported  by 
 Meinardus  (1923)  during  German  South  Polar  Expedition  during 
 1901-1902,  had  drawn  the  attention  of  several  investigators 
 as  a  favourite  study  topic  of  the  Southern  Ocean.  The 
 earlier  studies  to  explain  the  circumpolar  nature  of  the 
 Southern  Ocean  and  its  convergence  zones  \'lere  mainly  limited 
 to  its  Atlantic  sector  and  were  those  of  Brennecke  (1921); 


Dryga1ski  (1926);  Deacon  (1933);  Sverdrup  (1933);  Wust 
(1933,  1935)  and  Mosby  (1934).  In  the  Pacific  Ocean  sector 
of  the  Southern  Ocean,  convergence  nature  was  studied  by 
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Midttur  and  Natvig  (1957);  Burling  (1961)  and  Gordon 
 (1967a).  But  in  the  Indian  Ocean  sector  the  information  is 
 largely  of  fragmentary  nature  and  it  is  known  only  in  the 
 southwestern  (Gordon  and  Goldberg,  1970;  Wyrtki,  1971)  and 
 in  the  Australian  (Gordon  and  Rodman,  1977)  sectors. 


1.2.1  Antarctic  Circumpo1ar  Current: 


Several  studies  of  both  earlier  and  recent  type  made  by 
 Deacon  (1933,  1937,  1945,  1964,  1976,  1977,  1979,  1982, 
 1983,  1984)  indicated  that  the  circulation  in  the  Southern 
 Ocean  is  dominated  by  an  eastward  flowing  Antarctic 
 Circumpolar  Current  (ACC)  extending  to  the  deeper  depths 
 with  a  transport  of  the  order  of  125  SV  (1  SV  
= 
106 

cm3
 /s). 


Waters  in  the  south  are~~_ denser  than  in  the  north  and 
 hence  the  flow  is  predominantlyr  baroclinic  in  nature. 


Gordon  (1971b)  indicated  that  the  surface  velocity  of  ACC  is 
 generally  less  than  30  cm/s  with  lesser  vertical  shear.  ACC 
 is  associated  with  a  baroclinic  structure  resulting  from  the 
 surfacing  of  the  main  thermocline  (Wyrtki,  1973). 


The  frictional  stress  due  to  westerly  winds  combined 
with  the  Coriolis  force  gives  rise  to  a  northward  component-
Antarctic  Surface  Water  (ASW).  Current  meter  records  coupled 
with  the  hydrographic  observations  in  the  Drake  Passage 
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estasblished  that  ACC  was  strongly  baroclinic  (Nowlin  et 
 al.,  1977;  Bryden  and  Pillsbury,  1977).  Several  transport 
 estimates  on  ACC  were  made  using  the  data  collected  in  1975 
 under  International  Southern  Ocean  Studies  (ISOS)  Programme. 


These  established  a  reliable  value  of  125  SV  as  the  total 
 transport  of  ACC.  HO\fleVer,  the  ISOS  studies  were  mainly 
 concentrated  in  the  Drake  Passage  and  in  the  southeast  off 
 New  Zealand  (Gordon,  1967;  Reid  and  Nowlin,  1971;  Foster, 
 1972  and  Bryden  and  Pillsbury,  1977).  The  processes  which 
 maintain  the  Antarctic  Circumpolar  Current  have  not  yet  been 
 identified.  Hidaka  and  Tsuchiya  (1953)  applied  basic  ideas 
 regarding  general  ocean  circulation  to  the  Southern  Ocean  by 
 treating  i t   as  a  wind  driven  circulation  in  a  zonal  annulus. 


Four  major  mechanisms  namely:  (i)  Drag  due  to  bottom 
 topography  (Munk  and  Palmen,  1951)  (ii)  Thermodynamic 
 effects  (Fofonoff,  1955)  (iii)  Non-zonal  dynamics  (Stommel, 
 1957)  and  (iv)  Fresh ,---, water  discharge  from  Antarctic 


'-.--


continent  (Barcilon,  1966,  1967)  were  considered.  While 
deriving  the  Southern  Ocean  circulation,  Stommel  (1957) 
pointed  out  the  difficulty  in  considering  the  circumpolar 
current  as  mainly  zonal,  since  coefficients  of  viscosity 
needed  to  maintain  an  overall  equilibrium  with  wind  field 
should  be  much  greater  than  those  generally  accepted. 
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1.2.2  Antarctic  Convergence  (Antarctic  Polar  Front): 


The  surface  waters  in  the  Antarctic  zone  south  of 
 Antarctic  Convergence  generally  have  temperature  less  than 
 2°C  (Gordon  et  al.,  1977a).  The  surface  temperature  in  this 
 zone  varies  from  -1.9°C  to  1°C  in  winter  and  from  -1.9°C  to 
 4°C  in  summer  while  salinity  is  normally  less  than  34.5% •• 


Antarctic  surface  waters  are  thus  considered  as  cold 
 freshwaters  with  both  higher  oxyty  and  nutrient  content 



----


(Whitworth  and  Nowlin,  1987).  Below  Antarctic  surface 
 waters,  temperature  increases  with  depth  to  around  1°C  due 
 to  spreading  of  Circumpolar  Deep  Waters  (CDW)  from  north. 


The  CDW  is  also  identified  by  the  salinity  maximum  (Deacon, 
 1933,  1937a  and  Wust,  1936)  and  is  
embe~d 
 in  the  depth 
 range  of  500  to  1000  m  (Gordon  and  Molinelli,  1975).  Fifty 
 per  cent  of  the  total  volume  transport  of  ACC  comprises  of 
 CDW  and  the  properties  of  CDvJ  vary  considerably  along  the 
 axis  of  ACC  (Gordon  and  Rodman,  1977).  Th~ warmebland 
 sal tie.;t Circumpolar  Deep  Water  is  found  south  of  Africa, 
 whereas  th~~ cOldQll~nd 
freshest deep  water  is  encountered 
 in  the-Drake  Passage  (Georgi,  1981a). 


~, 
)  ~,.yc ~\~,\;I.'.i  ('6;\)\  1\..  ~\ f ',.  t) \ 'r:' Q. \  v,- ,) 'ti 
 ~'  C- ) ~.lr  ~;<~~. A 

") 


/  :J 


Oceanographic  surveys  in  the  Southern  Ocean  during 
 recent  years,  especially  those  carried  out  on  board  ELTANIN 


'f 
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enhanced  our  picture  of  thermohaline  stratification, 
 watermasses  and  fronts.  The  Antarctic  polar  front  splits 
 into  two- primary  and  secondary  ones,  due  to  the  complexity 
 of  thermal  structure  (Gordan,  1967,  1971).  In  his  study 
 Gordon  (1971)  noticed  a  double  frontal  structure  at  the 
 Antarctic  Polar  Front  (APF)  in  the  south  Pacific  and 
 suggested  the  possible  mechanism  of  its  formation  as  due  to 
 either  wind  or  bottom  topographic  effects. 


~. 


There  was  a  bit  confusion  in  the  beginning  among 
 1\ 


scientists  regarding  the  nomenclature  of  Antarctic 
 convergence  (AC).  The  AC  in  the  Atlantic  Ocean  was  observed 
 for  the  first  time  by  Meinardus  (1923).  Later  Schott  (1926) 
 named  it  as  "Meinardus  line".  Subsequently,  Defant  (1928); 


Wust  (1928);  Deacon  (1933,  1937a);  Mackintosh  (1948)  and 
 Houtman  (1964)  described  i t   as  Polar  Front.  Gordon  (1971)  in 
 his  extensive  studies  used  the  nomenclature  "Antarctic  Polar 
 Front"  consistently  referring  to  the  meeting  place  of  the 
 two  water  bodies  (Antarctic  Surface  Waters  and  Subantarctic 
 Waters) • 


Polar  frontal  zone  is  a  narrow  transition  zone 
separating  the  Antarctic  and  Subantarctic  regions  (Gordon 
1971a).  At  the  polar  frontal  zone,  the  cold  surface  waters 
of  Antarctic  origin  slips  below  and  mixes  with  the  warmer 
water.  Strong  eddies  and  interleaving  of  cold  and  warm 
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waters  are  observed  at  the  Antarctic  Polar  Front  (Gordon  et 
 al.,  1977b;  Georgi,  1978  and  Joyce  et  al.,  1978). 


A  statistical  analysis  of  all  the  data  available  since 
 1956  in  the  Indian  Ocean  between  Africa  and  Antarctic 
 continents  was  made  by  Lutjeharms  (1979).  The  results  show 
 that  the  meso-scale  disturbances  in  the  Southern  Ocean  are 
 not  homogeneous  in  their  characteristics.  These  disturbances 
 are  dependent  on  topographical  features,  such  as  mid  ocean 
 ridges  and  are  dominant  in  the  vicinity  of  Agulhas  Front  and 
 the  Antarctic  Polar  Front.  Investigations  on  the  dynamics  of 
 the  fronts  and  the  circulation  in  the  Indian  Ocean  sector  of 
 the  Southern  Ocean  south  of  Africa  have  been  made  by  Taylor 
 et  al.  (1978);  Lutjeharms  et  al.  (1981);  Lutjeharms  and 
 Emery  (1983);  Lutjeharms  and  WaIters  (1985)  and  Lutjeharms 


(1985);  Lutjeharmsand  Foldvik  (1986). 


1.2.3  Sub~Tropical Convergence  (Sub-Tropical  Front): 


During  the  Meteor  voyage  (1925-1927)  scientists  noticed 
another  sharp  thermal  gradient  around  410s  southeast  of  Cape 
Town  (along  22°E).  The  convergence  (Sub  Tropical  Front 
STF)  associated  with  this  gradient  is  a  transition  zone 
between  cold  less  saline  subantarctic  waters  and  warmer 
subtropical  saline  waters.  In  his  extensive  studies  in  the 
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Southern  Ocean,  Wust  (1933)  observed  a  temperature  change  of 
 9.loC  within  5  to  6  miles.  Bohnecke  (1938)  suggested  the 
 name  'West  Wind  Drift  Front I  to  the  subtropical  front.  In 
 the  New  Zealand  sector,  the  STF  approximately  follows  15°C 
 surface  isotherm  in  summer  and  10°C  surface  isotherm  in 
 winter  and  surface  salinity  isopleth  of  34.75%  (Garner, 
 1959).  But  the  examination  of  historical  data  (Zillman, 
 1970)  on  the  basis  of  43  crossings  across  the  Southern  Ocean 
 revealed  patches  of  more  saline  water  reaching  upto  48°S. 


The  STF  shifts  to  the  south  in  the  western  regions  of  the 
 oceans,  where  warmer  tropical  water  is  carried  southwards  by 
 the  Brazil  Current,  the  Agulhas  Current  and  East  Australian 
 Current  in  the  Atlantic,  Indian  and  Pacific  Oceans 
 respectively.  Deacon  (1982)  noted  that  i t   was  the  position 
 at  which  Ekman  drift  was  found  decreasing  rapidly  and  he 
 further  indicated  that  this  boundary  was  around  42°S  in 
 South  Atlantic.  The  STF  in  the  Indian  Ocean  region  south  of 
 Africa  is  a  wide  tumultuous  front  with  variable  planetary 
 waves  and  eddy  shedding  out  (Lutjeharms,  1981a)  and  is 
 positioned  at  42°S  (Lutjeharms  and  Valentine,  1984). 


Subantarctic  zone  extending  between  STF  and  APF  is  a 
continuous  band  around  the  Antartic  continent  except  at  the 
Drake  Passage.  Both  temperature  and  salinity  increase  to  the 
north,  attaining  a  maximum  gradient  at  about  300  km  north  of 
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the  polar  frontal  zone  (Gordon  et  al.,  1977a) .  The 
 subantarctic  surface  water  is  warmer  with  a  temperature 
 range  of  11.5-13°C  in  winter  and  14.5-16°C  in  summer  and  is 
 saltier  than  the  Antarctic  zone  waters  (Molinelli,  1979).  At 
 the  northern  part  of  the  ACC,  i t   is  influenced  by  the 
 adjacent  subtropical  gyres  as  well  as  by  air-sea  exchanges 
 along  its  circumpolar  path  (Whitworth  and  Nowlin,  1987). 


Below  the  surface  layer  is  a  halocline  that  marks  the 
 transition  to  Antarctic  Intermediate  Water  - a  salinity 
 minimum  layer  between  400  and  1000  m  formed  by  mixing  of 
 Antarctic  and  subantarctic  surface  waters  at  the  Antarctic 
 polar  frontal  zone  (Deacon,  1933;  Wust,  1936;  Deacon,  1937a; 


Callahan,  1972  and  Emery  1977). 


McCartney  (1977)  hypothesizes  that  the  Antarctic 
Intermediate  Water  is  an  extreme  type  of  subantarctic  mode 
water  formed  by  atmospheric  effects  on  the  surface  waters 
north  of  polar  front.  But  the  conventional  view  is  that  the 
primary  source  of  the  Antarctic  Intermediate  Water  is  a 
product  of  cross  frontal  mixing  in  the  vicinity  of  polar 
front  (Gordon  et  al.,  1977a,  1977b;  Molinelli  1978,  1981). 
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1.2.4  Sub-Antarctic  Convergence  (Sub-Antarctic  Front): 


A  third  front,  subantarctic  front  (SAF),  in  addition  to 
 STF  and  APF,  was  postulated  first  on  theoretical  grounds  by 
 Ivanov  (1959,  1961)  and  the  same  was  observed  south  of  New 
 Zealand  by  Burling  (1961).  In  the  region  between  Australia 
 and  Antarctica,  Zillman  (1970)  described  the  Sub  Antarctic 
 Front  as  the  most  prominent  feature  of  the  SST  decrea~e 
 exceeding  horizontal  thermal  gradients  of  both  STF  and  APF. 


Emery  (1977)  described  that  SAF  was  an  intense  convergence 
 zone  within  the  subantarctic  region  and  the  northern  edge  of 
 the  convergence  is  associated  with  a  temperature  of  8°C  and 
 salinity  34.5%..  Sievers  and  Emery  (1978)  were  of  opinion 
 that  a  similar  structure  of  front  exists  in  Drake  Passage. 


Lutjeharms  et  al.  (1981)  hinted  the  existence  of  such  a 


~~o'r \, ',.',  c' .~~ 


, 


front  below  'Africa.  They  also  stated  that  i t   was  manifested 
 as  a  subsurface  temperature  gradient  lying  between  3  and  5°C 
 at  about  400S.  This  feature  occurs  over  the  width  of  Pacific 
 Ocean  as  well  as  south  of  Australia  but  its  existence  was 
 doubtful  in  the  west  Atlantic  and  west  Pacific  Oceans 


(Edwards  and  Emery,  1982). 
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FIG.1.1  BATHYMETRY  OF  THE  STUDY  AREA 
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1.3  Studies  in  the  Indian  Ocean  sector  of  Southern  Ocean: 


Systematic  oceanographic  observations  in  the  Indian 
 Ocean  sector  of  the  Southern  Ocean  were  made  for  the  first 
 time  as  a  part  of  the  International  Indian  Ocean  Expeditlon 
 (IIOE)  during  1960  - 1965  - a  major  effort  made  by 
 oceanographers  of  25  nations  employing  a  total  of  44 
 research  vessels.  A  detailed  report  incorporating  all  the 
 results  of  physical  oceanographic  data  was  brought  out  in 
 the  form  of  atlas  by  Wyrtki  (1971).  However,  there  was  no 
 major  emphasis  on  the  Southern  Ocean  sector  during  this 
 expedition.  After  IIOE  observations,  efforts  have  been  made 
 in  the  western  and  eastern  regions  of  the  Indian  Ocean 
 sector  of  Southern  Ocean.  These  were  not  of  International 
 nature  but  were  carried  out  as  a  part  of  the  research 
 programme  of 


South  Africa 


National  Research  Institute  for  Oceanology, 
 and  the  United  States  Antarctic  Research 
 Programme  of  National  Science  Foundation.  The  Indian  Ocean 
 sector  received  little  attention  compared  to  those  of 
 Pacific  and  Atlantic  oceans.  Detailed  observations  on  the 
 frontal  structures  in  the  western  most  region  of  the  Indian 
 Ocean  sector  of  the  Southern  Ocean  were  made  by  Lutjeharms 
 et  al.  (1986)  on  board  S.A.  Agulhas  and  Polar  Sirkel  South 
 of  Africa.  The 


part  of  Indian 


physical  oceanography  of  the  Southeastern 
Ocean  sector  of  Southern  Ocean  has  been 
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FIG./. 3  Regime  of  surface  currents  of  the  Indian 
Ocean  sector  of  Southern  Ocean.cAfter 
Tchernia  1980) 
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studied  from  the  data  of  ELTANIN  cruise  as  a  part  of  the 
 polar  programmes  of  the  National  Science  Foundation  (NSF) 
 and  the  results  were  incorporated  in  the  form  of  reports 


(Anonymous  1970,  1971).  In  the  eastern  region  of  the  Indian 
Ocean  sector  of  the  Southern  Ocean  observations  on  the 
frontal  structure  were  made  during  Australian  oceanographic 
cruises  in  addition  to  the  Eltanin  programme.  The  Australian 
data  were  published  by  the  Commonwealth  Scientific  and 
Industrial  Research  Organisation  of  Australia  (1962, 
1963a ,b,  1966a,b,  1967a, b, c,d,  1968a,b,  1972) •  India  had 
begun  her  Antarctic  research  since  1981  and  started 
oceanographic  research  component  concentrating  studies  on 
the  watermass  structure  in  the  southwestern  region  of  the 
Indian  Ocean  sector  of  Southern  Ocean  (Raju  and  Somayajulu, 
1983;  Gupta  and  Qasim,  1983  and  Naqvi,  1986).  Except  these 
studies  of  fragmentary  nature  in  the  Indian  Ocean  sector  of 
Southern  Ocean,  no  comprehensive  efforts  have  been  made  to 
understand  the  fronts  and  associated  processes.  In  view  of 
this,  the  author  is  tempted  to stud~ in  detail  the  different 
characteristics  of  planetary  scale  fronts  in  the  above 
area. 
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(37)Data  and  Methods  of  Analysis 


A  significant  increase  in  gradient  in  sea  surface 
 temperature  was  noticed  at  two  places  in  the  Southern  Ocean 
 by  Meinardus  (1923)  and  Schott  (1935)  while  proceeding 
 northward  from  Antarctic  continent.  The  Discovery  expedition 
 in  late  1930's  established  the  presence  of  a  sharp  gradient 
 in  temperature  across  Antarctic  Convergence  and  further 
 brought  out  the  distinct  characteristics  of  maritime  climate 
 north  and  south  of  it. 


Deacon  (1937a)  based  on  Nansen  bottle  cast  and 
 Mackintosh  (1946)  on  thermograph  data  sets  mentioned  a 
 surface  discontinuity - Antarctic  Polar  Front  (APF)  - closer 
 to  the  latitude  where  the  Ant'arctic  waters  in  association 
 with  a  temperature  minimum  make  a  sharp  descent  at  about  200 
 m  depth  below  the  warm  Subantarctic  surface  \'laters.  The 
 density  discontinuity  layer  slopes  steeply  below  200  m  where 
 the  temperature  minimum  sinks  (Koopman,  1953;  Wexler,  1959; 


Wyrtki,  1960;  Ostapoff,  1962a;  and  Taylor  et  al.,  1978). 


An  abrupt  change  in  sea  surface  temperature  in  the 


.  1  .  .  
~S  ~. 


horlzonta  dlrectlon  A-encounter  at  APF  whereas  both 
temperature  and  salinity  are  seen  drastically  changing  at 
STF.  It  is  possible  to  form  a  density  front  at  STF  depending 
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upon  the  intensity  of  thermohaline  gradients.  Accordingly 
 geostrophic  flow  in  association  with  the  baroclinic  zone 
 generates  across  STF. 


2.1  Identification  of  Fronts 


Different  methods  have  been  suggested  to  identify 
 Antarctic  Polar  front  due  to  its  varying  description.  Deacon 
 (1933,  1937a,b)  considered  APF  at  a  location  where  maximum 
 surface  thermal  gradient  prevailed  while  at  subsurface  i t  
 was  located  at  the  northern  limit  of  the  Antarctic  Bottom 
 Water.  Mackintosh  (1946)  stated  that  at  the  surface  there 
 would  be  a  larger  gradient  in  temperature  at  APF  but  at  the 
 subsurface  the  position  of  temperature  minimum  at  200  m 
 depth  could  be  located  as  APF.  Eventhough  Garner  (1958) 
 agreed  with  the  surface  expression  of  APF  as  stronger 
 gradient  in  temperature  but  its  subsurface  expression  \'las 
 represented  at  the  northern  limit  of  the  subsurface 
 temperature  inversion. 


The  surface  expression  of  APF  could  be  identified  by 
larger  temperature  gradient  while  at  subsurface,  i t   was 
located  at  the  northern  limit  of  1°C  isotherm  in  the 
temperature  minimum  layer  (Burling,  1961).  Since  salinity  is 
more  conservative  than  temperature,  the  axis  of  the 
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circumpolar  salinity  minimum  belt  at  200  m  was  considered  as 
 the  position  of  APF  (Ostapoff,  1962b).  On  the  othertand, 
 Botnikov  (1963)  suggested  APF  as  the  surface  position  of  2°C 
 isotherm  in  winter  whereas  in  summer  i t   could  be  identified 
 as  the  northern  limit  of  2°C  isotherm  of  temperature  minimum 
 layer.  Houtman  (1964)  pointed  out  APF  as  a  region  where  the 
 cold  denser  Antarctic  surface  water  and  warm  less  saline 
 subantarctic  waters  meet  each  other.  The  identif icatin  of 
 APF  as  a  larger  surface  temperature  gradient  first 
 encountered  while  proceeding  north  from  the  Antarctic 
 continent  ~ whereas  at  subsurface  its  position  was  shown 
 at  the  northern  end  of  temperature  minimum  layer  (Gordon, 
 1967a).  The  most  common  method  adopted  in  the  present  study 
 for  the  identification  of  the  front  involves  determination 
 of  a  relatively 


p~operties in  the  horizontal  direction. 


Occasionally  APF  does  not  manifest  sharp  gradient  in 
surface  temperature,  especially  in  summer  when  warming  of 
surface  layer  obliterates  the  gradient.  For  the  present 
study  all  the  sections  except  85°E  belong  to  summer.  Hence 
to  identify  the  position  of  APF  in  summer  the  northern  limit 
of  2°C  isotherm  in  the  temperature  minimum  layer  is  taken  as 
the  location  of  APF.  In  winter,  the  position  of  the  strong 
surface  gradient  encountered  first  ln  the  Antarctic  zone 
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while  proceeding  from  south  has  been  considered  to  represent 


APE'. 


STF  can  be  identified  from  both  the  temperature  and 
 salinity  gradients.  The  temperature  drop  across  STF  was  seen 


So' , \1.,-C  ) 


between  17.9°  and  lO.6°C  in  the  region  belo~  Africa 
 (Lutjeharms  and  Valentine,  1984)  and  the  corresponding 
 surface  salinity  drop  was  from  35.5  to  34.3%0  (Lutjeharms, 
 1985).  In  subtropics  intense  evaporation  causes  an  increase 
 in  salinity  with  the  result  that  at  subtropical  convergence 
 salinity  gradient  exists.  The  method  adopted  for  identifying 
 STF  in  the  present  study  is  to  locate  the  region  where 
 intense  thermal  and  haline  gradients  occur  consistently  in 
 the  northern  part  of  all  the  sections. 


The  front  which  is  found  at  the  most  vertically 
oriented  isotherm  within  a  subsurface  temperature  gradient 
between  3°  and  5°C  is  termed  as  Sub- Antarctic  Front  SAF 
(Sievers  and  Emery,  1978).  In  the  present  investigation  SAP 
during  summer  is  identified  from  the  large  surfaCe  gradient 
in  the  above  mentioned  range  of  temperature  while  in  winter 
it  is  taken  as  the  surface  gradient  between  5°  and  9°C.  The 
recent  observations  of  Lutjeharms  et  al.  (1984)  in  the 
Indian  Ocean  sector  of  the  Southern  Ocean  south  of  Africa 
indicated  SAF  between  STF  and  APF. 
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Since  large  variation  is  seen  in  the  properties  of 
 major  fronts  in  the  Southern  Ocean,  a  statistical  analysis 
 has  been  done  with  all  the  hydrographic,  Expendable  Bathy 
 Thermograph  (XBT)  and  surface  observations  data.  The  various 
 characteristics  of  each  individual  front  like  its  middle 
 latitude  position,  width,  range  of  temperature  and  salinity 
 with  their  gradients  have  been  computed  during  every 
 meridional  crossing. 


2.2  Methods  to  identify  fronts  from  surface  observation 
 data 


The  surface  temperature  data  obtained  from  Japanese 
 Antarctic  research  expeditions  between  38°S  and  600S  have 
 been  plotted  along  different  meridions.  The  STF  at  the 
 surface  has  been  identified  as  the  most  prominent  thermal 
 front  at  the  northern-most  part  of  the  meridional  section. 


The  identification  of  SAF  is  done  by  adopting  the  method  of 
Lutjeharms  and  Valentine  (1984),  who  have  observed  that 
strong  surface  temperature  gradient  occurs  within  the  range 
of  3.5°- lloe  and  the  latitudinal  range  of  42°  40'  - 49°S  in 
the  eastern  Atlantic  and  the  western  Indian  Ocean  sectors  of 
the  Southern  Ocean.  Usually  SAF  corresponds  to  the  steepest 
horizontal  gradient  in  temperature  between  STF  and  APF.  The 
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position  of  APF  is  identified  according  to  the  definition  of 
 ostapoff  (1962b).  According  to  him  the  APF  is  identified  as 
 the  maximum  sea  surface  temperature  gradient  between  2°C  and 
 6°C. 


2.3  Data  Used: 


The  hydrographic  data  collected  during  the  cruises 
 conducted  on  board  research  vessel  ELTANIN,  as  a  part  of  the 
 united  States  Antarctic  Research  Programme  as  well  as  on 
 board  research  vessels  CONRAD  &  ISLAS  ORCADAS  by  Lamont 
 Doherty  Geological  Observatory,  USA  are  used  for  the  present 
 study.  The  surface  observations  (1967-l985)  and  subsurface 
 observation  (1978- 1985)  made  by  research  vessels  FUJI  and 
 SHIRASE  under  the  Japanese  Antarctic  Research  Programme  are 
 considered  in  addition  to  the  above  data.  The  Indian 
 observations  made  on  board  FINN  POLARIS  during  1984  as  a 
 part  of  Indian  Antarctic  Research  Expedition  have  also  been 
 supplemented. 


Since  the  flm'l  in  the  Southern  Ocean  is  generally  of 
zonal  character,  the  variations  in  the  water  properties  are 
expected  in  the  meridional  direction.  Hence  effort  has  been 
made  to  select  the  maximum  possible  meridionally  oriented 
sections.  In  order  to  achieve  more  reliable  estimates  as  far 
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(44)TABLE  2.1  Details  of  data  used 
 A,  Hydrographic  data 


Sl.No.  Ship 


1.  Eltanin 


2.  Conrad 


3.  Islas  Orcadas 


4.  Fuji 


5.  Finn  Polaris 


Number  of 
 stations 
 used 


82 


44 
 24 
 19 
 16 


B.  Expendable  Bathy-Thermograph  (XBT) 


1.  Fuji  17 


2.  Fuji  57 


3.  Fuji  32 


4.  Fuji  28 


5.  Fuji  28 


6.  Shirase  44 


7.  Shirase  48 



c. 
 Surface  temperature  data 

1.  Fuji  27 


2.  Fuji  35 


3.  Fuji  74 


4.  Fuji  30 


5.  Fuji  35 


6.  Fuji  32 


7.  Fuji  88 


8.  Fuji  45 


9.  Fuji  44 


10.  Shirase  34 


1l.  Shirase  48 


Period  Sy~bols 


of  used 


collection 


1970 



} 


1971  6. 


1972 


1974  
@ 


1977  
CD 


1981  
}  CD 


1983 


1984  
@ 


data 


1978-1979 
 1979-1980 
 1980-1981 
 1981-1982 
 1982-1983 
 1983-1984 
 1984-1985 


1967-1968 
1972-1973 
1974-1975 
1975-1976 
1976-1977 
1977-1978 
1978-1979 
1980-1981 
1981-1982 
1983-1984 
1984-1985 
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No. 


1. 


2. 


3. 


4. 


5. 


6. 


7. 


8. 


9. 


10. 


1l. 


12. 


TABLE  2.2  Details  of  ch1.~ data  used 


Ship 


Fuji 
 Fuji 
 Fuji 
 Fuji 
 Fuji 
 Fuji 
 Fuji 
 Fuji 
 Fuji 
 Fuji 
 Shirase 
 Shirase 


Number  of  data 
 used  (chI. s.) 


36 
 34 
 42 
 39 
 44 
 43 
 148 
 98 
 55 
 40 
 1073 
 3206 


Period  of 
 collection 


1967-1968 
1972-1973 
1974-1975 
1975-1976 
1976-1977 
1977-1978 
1978-1979 
1979-1980 
1980-1981 
1981-1982 
1983-1984 
1984-1985 
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as  possible,  meridional  sections  with  stations  covered  in  a 
 single  cruise  are  used.  The  details  of  the  data  used  in  the 
 present  study  are  given  in  Table  2.1  and  the  geographical 
 distributions  of  twelve  s~lected  meriodional  sections  are 


shown  in  Fig.  2.1. 


Frontal  systems  are  generally  considered  as  areas  of 
 higher  productivity  (Pomazanova,  1980;  Jacques  and  Minas, 
 1981).  An  attempt  has  been  made  to  understang  the  effect  of 
_. 
__ .... _-
-.. --


fronts  on  producti vi ty  in  the  study  area.  The  details  of 
 chlorophyll  data  that  have  been  used  to  represent 
 productivity  levels  at  different  regions  are  given  in  table 


2.2. 


2.4  Computation  of  zonal  volume  flux: 


The  frontal  characteristics  such  as  temperature  and 
 salinity  gradients  which  determine  the  strength  of  the 
 front  are  different  at  different  regions.  In  order  to  assess 
 the  variation  of  volume  flux  associated  with  the 
 characteristics  of  the  front  and  its  contribution  to 
 Antarctic  Circumpolar  Current  (ACC),  the  zonal  volume  flux 
 has  been  computed. 


Generally  the  volume  transport  is  stated  as  the  amount 
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of  water  flowing  per  unit  area  per  unit  time.  In  other 
 words,  i t   is  a  measure  of  the  volume  of  water  passing 
 through  a  certain  portion  of  a  vertical  plane  per  unit  time. 


If  "F"  is  the  flux  transported  per  unit  time  through  
aey 


area  "A"  of  a  vertical  plane  in  the  ocean,  and  if  "C"  is  the 
 component  of  velocity  normal  to  the  plane,  then 


F  
= 
A.C 

Fronts  are  generally  prominent  above  1000  m  depth  in 
 the  study  area  as  seen  from  hydrographic  sections.  Hence  the 
 computation  of  zonal  volume  flux  has  been  limited  to  this 
 depth  by  taking  1000  db  as  the  reference  level.  The  zonal 
 fluxes  at  each  front  are  obtained  and  their  contribution  to 


r"-


the  over  all  transport  of  ACC  is  studied. 


"---'" 


In  the  present  study  the  flux  has  been  estimated  by 
 using  the  method  of  Montgomery  and  Stroup  (1962).  This  is 
 done  by  using  the  function  "Acceleration  Potential" 


(fa ~~>.The  term  ~a  is  the  geopotential  anomaly  relative  to  the 
 /reference  depth  (1000  m)  while  p  and  El  represent  the 
 pressure  and  specific  volume  anomaly  respectively. 


Furthermore,  this  method  leads  directly  to  the  estimation  of 
geostrophic  currents  at  the  chosen  isanosteric  surface.  The 
geopotential  anomaly  ~a  is  defined  by  vertical  integral  of 
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specific  anomaly. 


eta = 


where  Po  and  P,OOO  are  the  surface  pressure  (0  db)  and  the 
 reference  pressure  (1000  db)  respectively.  The  geopotential 
 anomaly  is  also  represented  by  changing  the  variables  of 
 integration  of  the  above  equation. 



t . ·   r:o. 


b=b,oOO 


The  acceleration  potential  at  an  individual  hydrographic 
 station  is  given  as 



j: .. 
+ PJOoo b ,OOO 

°1000 


\'lhere  &0  and  0,000  are  the  specific  volume  anomalies  at  the 
 surface  and  reference  level.  In  the  upper  1000  m  since  the 
 pressure  term  in  the  anomaly  of  specific  volume  is 
 negligible,  thermosteric  anomaly  (oT  is  used  in  place  of 
 specific  volume  anomaly.  The  numerical  integration  has  been 
 carried  out  from  the  reference  level  to  the  surface  at  each 
 station  to  yield  the  acceleration  potential. 


From  the  length  and  mean  height  of  each  quadrangle 
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defined  by  the  given  isanosteres  and  whole  degrees  of 
 latitudes,  the  area  is  calculated.  From  the  area  of  the 
 quadrangle  and  the  mean  velocity  of  water  flowing  through  i t  
 the  volume  flux  is  estimated. 


The  zonal  component  of  geostrophic  velocity  is 
 calculated  from 


(1,-f2)  L 



L---


where  fA  and  .8  are  the  acceleration  potentials  at  two 
 neighbouring  hydrographic  stations  A  & B;  L  is  the  distance 
 between  the  stations.  The  terms f,=2,ASln., a  f 2
i.n.. 
Sin  .2  are 

the  Corolis  parameters  at  two  stations  of  lati tudes ~,. t2_-
 where  ..n.  is  the  angular  velocity  of  earth.  To  represent 
 the  volume  flux  on  a  T- S-V  diagram  a  novel  techniSlu=..  has 
 been  adopted.  This  is  achieved  by  superimposing  the  vertical 
 section  of  salinity  on  corresponding  section  of  thermosteric 
 anomaly.  The  computed  geostrophic  volume  flux  is  then 
 divlded  into  each  bivariate  classes  of  thermosteric  anomaly 
 and  salinity  on  a  T- S - V  diagram.  The  estimated  flux  is 


l 
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distributed  in  each  classes  bounded  by  salinity  interval  of 
 0.1%0  and  thermosteric  anomaly  interval  of  10  cl/t.  This 
 method  gives  a  quantitative  estimate  of  flow  together  with 
 its  characteristics. 


Eastward  (+Ve)  and  Westward  - Ve}  fluxes  are 
 separately  displayed  in  each  classes.  The  total  flux  between 
 any  two  consecutive  intervals  of  thermosteric  anomaly  is 
 shown  at  the  bottom  and  that  of  salinity  at  the  right  hand 
 side  of  the  T-S-V  diagram. 


2.5  Computation  of  heat  content 


The  meridional  heat  transport  of  the  world  ocean  is  a 
 crucial  element  of  the  global  climate  system  (Hastenrath, 
 1982;  and 


transporting 


Hollway,  1986).  The  production  of  heat 
 eddies  h~ ~!l been  observed  near  the  well  defined 


. /  


oceanic  fronts  in  Southern  Ocean  (Joyce  and  Patterson  1977; 


Peters on  et  al.,  1984  Pillsbury  and  Bottero,  1984).  These 
frontal  eddies  are  responsible  for  the  effective  meridional 
heat  transfer.  However,  the  intensive  heat  flux  across  the 
polar  front  due  to  interleaving  of  adjacent  watermasses  is 
minor  (Joyce  et  ale,  1978).  The  intensity  of  the  front  and 
its  potential  for  higher  heat  flux  as  well  as  for  the 
mesoscale  eddy  turbulence  are  geographically  dependent.  The 
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knowledge  on  the  variations  in  the  heat  content  of  the  upper 
 ocean  from  western  to  eastern  region  of  the  Indian  Ocean 
 Sector  of  Southern  Ocean  is  therefore  essential  for 
 understanding  the  global  climatic  changes. 


Heat  content  computations  are  limited  within  the  0-500 
 m  water  column  as  the  horizontal  extent  of  front  rather 
 than  its  vertical  extent  determine  the  heat  storage.  The 
 heat  content  is  estimated  from  the  following  equation. 


where 
 water 


H  is  the  heat  content  (J/m  ),  ()  is  the  density  of 2 
 (Kg/m  ) 3  and  cp  is  the  specific  heat  at  constant 
 pressure  (J/kg/oC).  The  value  '~cp  is  assumed  as  a 
 constant  (0.409  x  107 


J/m3


/oC)  according  to  Bathen  (1971). 


Vertical  sections  of  temperature,  salinity  and 
 thermosteric  anomaly  have  been  presented  for  each  selected 
 meridion.  Isotherms  are  drawn  at  an  interval  of  O.soC  while 
 the  isohalines  and  isanosteres  are  drawn  at  intervals  of 
 0.1%"  and  10  cl/t  respectively.  The  vertical  distribution 
 maps  of  temperature,  salinity  and  thermosteric  anomaly  in 
 the  Indian  Ocean  sector  of  the  Southern  Ocean  are  limited  to 
 the  upper  1000  m  water  column,  as  the  vertical  extent  of 


",.,>. 


fronts  ~ prominent  generally  within  this  depth  range. 
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(53)Hydrographic  Properties  along  different meridi~s 


The  hydrographic  properties  of  temperature,  salinity 
 and  density  (thermosteric  anomaly)  are  considered  to 
 deliniate  the  frontal  strutures  from  the  different 
 vertical  sections  (Figs.  3.1.1- 3.1.12).  The  sections  are 
 selected  to  understand  the  spatial  variations  in  the 
 characteristics  of  the  front.  In  the  present  attempt, 
 thermosteric  anomaly  is  used  to  understand  the  combined 
 effects  of  temperature  and  salinity  on  density.  The 
 vertical  sections  are  drawn  with  a  vertical  to  horizontal 
 scale  ratio  1  :  2200  and  the  same  ratio  has  been 
 maintained  throughout  to  depict  the  features  uniformly. 


The  contours  are  drawn  at  same  interval  of  O.soC,  O.l%.and 
 10  cl/t  for  temperature,  salinity  and  thermosteric  anomaly 
 respectively,  in  order  to  bring  out  the  maximum  details 
 possible  from  the  sections  without  losing  the  features. 


The  vertical  sections  of  temperature  and  salinity 
clearly  demarcate  the  fronts.  The  convergence  of  the 
watermasses  can  be  identified  from  the  horizontal 
gradients  of  the  hydrographic  properties.  Occasionally 
nutrient  distributions  are  used  to  understand  the  frontal 
strutures,  but  being  a  nonconservative  property,  they 
are  always  used  in  association  with  hydrographic 
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properties.  Hence  only  temperature  and  salinity 
 characteristics  are  considered  for  th~ present  study. 


3.1  Temperature  distribution: 


Figs.  3.1.1,  3.1.2,  3.1.3,  3.1.4,  3.1.5,  3.1.6, 
 3.1. 7,  3.1.8,  3.1.9,  3.1.10,  3.1.11  and  3.1.12  depict 
 the  thermal  structures  along  20°,  30°,  35°,  40°,  45°,  55°, 
 85°,  95°,  100°,  105°,  110°  and  l15°E  respectively.  Though 
 temperature  gradually  decreases  towards  south,  its  sudden 
 variation  in  certain  regions  in  the  mid-latitudes  and  slow 
 variation  near  the  high  lati tudes  are  the  common 
 characteristic  features  of  these  secti~ns  delineating 
 different  zones  in  between  them.  In  all  the  sections  most 
 prominent  feature  is  the  presence  of  fronts  which  are 
 narrow  regions  of  sharp  horizontal  gradients  extending 
 upto  a  depth  of  about  800  m. 


3.1.1  Along  200E: 


The  section  covers  the  region  between  south  Africa 
and  Antarctic  coast.  Proceeding  southward,  water 
temperature  falls,  but  the  rate  of  cooling  with  latitude 
is  highly  varied  (Fig.  3.1.1).  A  discontinuity  region  in 
watermass  distribution  is  depicted  by  a  strong  horizontal 
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temperature  gradient  with  a  drop  from  16°  to  9°e  within  a 
 distance  of  two  degree  latitude.  This  discontinuity 
 represents  the  northern  limit  of  the  subantarctic  region 
 and  is  known  as  STF  (Sub-Tropical  Front).  A  water  body  of 
 uniform  temperature  seen  below  a  seasonal  thermocline  is 
 called  thermostad.  In  this  section  a  thermostad  of 
 temperature  2. 5°e  is  seen  between  stations  62  and  69. 


Further  proceeding  towards  south,  i t   is  seen  that  the 
 northern  limit  of  cold  Antarctic  surface  water  is 
 delineated  by  the  2°e  isotherm  with  a  sharp  descent 
 between  stations  6~ and  70  suggesting  a  convection  around 
 5l0S.  Another  noteworthy  feature  along  200E  is  the 
 presence  of  a  shallow  thermoclinic  between  stations  72  and 
 83  around  50  m  depth. 


The  presence  of  dicothermal  layer  in  100 - 200  m 


N,J~ 


depth  range  south  of  51 oS  where  cold  waters 
f 
sand\>liched 
between  warm  waters  above  and  below  is  remarkable.  This 
layer  extends  to  Antarctic  coast.  The  thickness  of  this 
layer  is  further  found  to  decrease  towards  south.  The 
topography  of  dicothermal  layer  in  the  Antarctic  zone 
suggests  a  sinking  nature  away  from  the  coast. 
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