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TheAntarctic Circumpolar Current (ACC) is the key current system in the Southern Ocean (SO) which connects three
major oceanslhe eastward flowin§CC in the Indian sector of SO (I0OSO) influences by the southwest Indian ridge and
Weddell gyre which results a southward shift of the cofeaE. This brings warm water to the coagatarctica and may

cause glacier/sea-ice melting and further warming and freshening of bottom water Atatigesally eddies in I0OSO are

the principal mechanism which transfer heat, salt, and carbon poleward across tA€Zoaadl contribute to the mixing

of water masse§.he southward intrusions of Subtropical Surfsi¢ater as well as the upward movemenApfarctic
IntermediatéVater are attributed to the influence of anticyclonic and cyclonic eddies respe@&resignce of upwelling

in the coastal waters @éintarctica (Prydz Bay), increased sea ice extant and subsequent enhanced melting in positive
SouthermAnnular Mode (SAM) events causes high chlorophyith the coastal waters as well as south of Polar Front
during austral summer, which perhaps makes the I0OSO a potential site,fsinkK@urther, the bottom waters from this
region may bring the dissolved G@hich is getting ventilated in subtropics. However detailed investigations covering
seasons are required to be implemented using Models and Observations (Both satellite and in-situ) for a better understanding
about the I0SO ecosystem and ithks toTropical Ocean.
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Introduction and fresh water fluxes (Rintoul and Sokql@@01;
Sokolov and Rintoul, 2002; Rintoetlal., 2002Yuan

Southern Ocean (SO) is a unique region which tendset al., 2004).ACC transforms the hydrographic

tq have_ a global scientific relevancg n terms O_f S conditions in the SO, which is entrenched with copious
circulation, water masses, other distinct physical

. circumpolar fronts, jets, high-speed filaments and

chemical and_related biological processes arsd it eddies (Sokolov and Rintoul 2007; Lenn ef 8011
response to climate change. In the light of the abovey\viin and Klinck. 1986: Stammer 1998: Hughes

perspectives, the SO in general and the Indian Ocea@o%)' The 10SO has complex quasi-zonal frontal

segtor Ol:j_thj SC_) (IOFSOZ] n rp])arl'uocggs_stllll an systems and the individual branches of these fronts
understudied region. Further the circulation Is q, merge and diverge in response to interactions

linked with the Indian chan circulation through with the bathymetry (Sokolov and Rintoul 2007, 2009).
Agulhas currentAntarctic Circumploar Current

(ACC),WestAustralian current and South Equatorial In some region of the IOSO the front allied with
current systemsHence the exchange of heat and theAgulhas retroflection, known @sgulhas Return
mass through these currents shall affect theFront (ARF), merges with the Subtropical Front (STF)
variabilities of the Indian monsoon. (Belkin & Gordon 1996; Lutjeharms amdhsoige

. : . _ 2001; Kostianoy et al., 2004) which is the boundary
_ The major cur'rent In the SO is tREC, which between subtropical and subantarctic waters (Deacon
is the major conduit for inter ocean transport of heat 1937; Hamilton 2006). The fronts southwards of STF

* Author for Correspondence: E-mail: anil @ncaor.gov.in



364 N. Anilkumar and P. Sabu

are Subantarctic Front (SAF), Polar Front (PF), Sciences (Govt. of India) has initiated a national
SoutherrACC Front (SACCF) and southern boundary scientific program in the 10SO since 2004 with
of the ACC (SB).These fronts extend through the National Centre foAntarctic and Ocean Research
water column sinceACC is a deep-reaching (NCAOR), Goa as the nodal agen8o far eight
barotropic current, (Belkin and Gordon 1996; Meijers multi-institutional and multidisciplinary expeditions have
et al., 2010). The topographic influences and been completed with the active participation from
discrepancies in hydrographic as well as biological several national and international research
characteristics in various frontal systems have beernorganizations and universities. In the present review
reported (Orset al., 1995; Belkin and Gordon 1996; paper we discuss about the major results in the aspect
Sparrowet al., 1996; Holliday and Read 1998; of hydrodynamics of the IOSO published so far from
Kostianoyet al., 2004; Sokolov and Rintoul 2007; the studies carried out by the Indian expeditions.
Swartet al., 2008; Sokolov and Rintoul, 2009; Swart

and Speich 20108\so, previous studies in the Indian Data and Methods

I0SO have reported frontal variabilityater masses g grveys were carried out along two meridional
and their influence on the phyto- and zooplankton 4o tions ‘one above the southwest Indian ridge
biomass during austral summer (Jasnairat., 2009; (between 45°E and 48°E) and the other above a

Gandhietal., 2012). relatively flat bottom (57° 3€). The observations
The 10SO encompasses several deep andVere carried outas far south as 69°19'S to understand

intermediate water masses which ventilate the abyssail€ hydrodynamics of the study region and for this
and intermediate depths of the world oceans. Thethe atmospheric and physical parameters were
major water masses in the 10SO are Subtropicalmeasured (Fig. 1). The observations were mainly
surfaceWater (STSW), Subantarctic Surfad@ter concentrated between the subtropical (40°S) and
(SASW), ModeWater, Antarctic SurfaceWater coastal waters dintarctica. Data and samples were
(AASW), Antarctic IntermediatéVater (AAIW), collected during the austral summer_(January-
Circumpolar DeepNater (CDW) andAntarctic ~ February) onboard OR Sagar Kanya in 2004,
BottomWater (AABW).Among thes&ABW is one Akademic Boris Petrov in 2006 and 2009 andMOR
of the most significant water masses which brings Sagar Nidhi, in 2010, 2412012, 2013 and 2015. In
the dissolved inorganic carbon (DIC) from the polar
regions to tropics and causes the deterioration of DIC
due to the occurrence of warm wafidre high degree

of freshening and warming &fABW has been
reported by earlier investigators (Whitworth, 2002;
Rintoul, 2007)Another peculiar feature observed in
the 10SO is the presence Wfinter Water (WW) @
which has a close relationship with the heat budget?;;
as well as the freshening due to ice melt in the SO=
and is a major source of micronutrients which regulates
the Chlorophyll (Chl a) blooms (Deacon, 1937; Park
et al., 1998;Yuanet al., 2004; Boyd and Ellwood,
2010).

50

With the existing knowledge of IOSO it is quite

impractical to derive a proper understanding useful 3 pA T LS

for scientific indulgent or societal benefits. Hence Longitude (*E)

more systematic investigations are required to berig. 1: 10S0O study region. Fronts are marked using WOA
carried out to study the atmospheric, physical, climatology. Background colour represents the
biogeochemical and palaeoclimatic processes in I0SO bathymetry of the study area from the high resolution

to understand its role in the global climate change ETOPO1 data [STFZ- Subtropical Frontal Zone, SAZ-
g9 9 Subantarctic Zone, PFZ-Polar Frontal Zone andAZ-

scenario. In view of this, the Ministry of Earth Antarctic Zone]



Physical Process Influencing the Southern Ocean Ecosystem 365

2006 expedion, a time series observations were alssummer 2004 (ARFSTFE SAF and PF) along 45°E
carried out in the Prydz Bay (69°19'S, 76°Buring has been discussed Agilkumaret al. (2005) ARF

the above expeditions except in 2009, a CTD (Sea-was observed with a width of 4@ km in the region
Bird Electronics, USA) and XCTDs ¢trumi-Seiki between 40°15  and 41° 15'S, the surface temperature
Co.TSK Ltd, Yokohama, Japan) were deployed to ranges from 19° to 17°C and the depth of the 10°C
collect the temperature and salinity profiles. XCTD isotherm ranges from 300 to 750m, contrary to
probes were launched at ~ 0.5° nautical mile intervalsnarrower (44 and 73 kn)RF reported in an earlier
between the CTD stations. In 2009, a MARK IlI-B study (Holliday and Read, 1998). Howev&TF
CTD (Neil Brown Instrument Systems) was used to identified between 41°15" and 42°15’S which was
collect the vertical profiles of temperature and salinity narrower (~ 10 km) compared to previous studies
The XCTD profiles were quality controlled by (> 220 km). On the other hand, the SAF was identified
following the guidelines in the CSIRO Cookbook as a broader front (~ 500 km) between 42° 30’ and
(1993). The salinity data from the CTD were 47°S compared to 165-275 km width reported by
calibrated against water samples analysed using aarlier studies (Holliday and Read, 1998; Lujeharms
high-precision salinometer (GuildlireUTOSAL). and Valentine, 1984). Between these latitudes, the
Oceanic fronts were identified using the characteristic surface temperature reduced from 9.7 to 6.3°C and
property indicators following the criteria listed by surface salinity varied from 34.0 to 33.85. The
Belkin and Gordon (1996), Sparrost al. (1996), differences in frontal positions based on the data from
Holliday & Read (1998) and Kostianetal. (2004). previous investigation are discussedimjlkumar et

The thickness of the fresh water input in the surfaceal. (2005).The PF was identified as Surface PF (SPF)
layer relative to the WW in the study region was and Subsurface PF (SSPF), and the SPF was

estimated using the formula of Patlal. (1998): identified between 48 and 52°S, with a width of ~ 440
km, while the SSPF was identified by the northern
- 0 limit of 2°C isotherm below 200 rAnilkumaret al.
h= M,Sbw -1 J‘ Sz |, (2014a) identified the positions of the Southe@C
Sy Dc D¢ Front and Southern BoundaryAEC between 60°S
whereh is the thickness of the fresh water input per A v nsT
unit surface area)c is the WW depthSw is the LA, N - \ VATBA
WW salinity, andS™ is the depth-averaged salinity ™ \ﬁ(_\a - 7 . \4'
between the surface and WW depth. Surface ocear :M il M o/

T
\ / N\
,\ l/\\{ %/

e
currents from Ocean Surface Currdmalysis— E 4
Realtime data (Bonjean and Lagerloef, 2002), monthly & f
ASCAT wind stress (Bentamy and Fillon, 2012), **| |
Ekman current andMSR-E ice coverage data from
ERDDAP, (https://coastwatch.pfeg.noaa.gov/ ™ l K
erddap)Argo data from the Coriolis Data Center (http:/
/www.coriolis.eu.og/cdc) and sea surface height
anomaly dataAVISO (http://atoll-motu.aviso.
oceanobs.com) were used. ECMWF (ORAS4,)
reanalysis data (Balmasednal., 2013) was also
used to understand the freshenindhdBW in the
study area.

35°

Depth(m)

Results and Discussion

Major Physical Processes in the IOSO

Frontal Variability: During southern summethe Fig. 2: Vertical structure of temperature (a) along 45°E and
position and structure of the SO fronts during austral (b) along 57°30°E (1°C contour interval)
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and 61°S and between 64°S and 64°30’S, respectivelyconcatenate with the characteristics of the North
A shifting of the meged frontsARF+STF +SAF by  Atlantic Deep water (NADW) reported by Pagk

>2° |atitude towards south from 45°E to 57 B0has  al. (1993), which rises sharply to shallower depths
been demarcated (Fig. 2) Apilkumaret al. (2006, north of 45°STheAntarctic Bottom water (AABW)
2007) and this shift could be due to the bottom was identified below CDW at 4100 to 4700 m depth.
topographic influence. The results of this analysis Along the deep western boundary of Madagascar
brought out the surface as well as subsurface(Warren, 1981 AABW enters the Madagascar Basin
manifestation of various oceanic fronts in IOSO, which through the fractures in the Southwest Indian Ridge
was not intensively examined eatlier (Warren, 1978) and flows further north and this agrees

, with the characteristics 8/ABW identified upto 49°S.
Water Masses. The water masses in the [0SO

have been demarcated (Fig. 3)Axwilkumar et al. FurtherAnilkumar et al. (2015) reported that
(2006). STSWSASW andAASW were identified ~ AABW in the 10SO became warmer (~0.04°C)
from 37 to 40°S, between 43° and 45°S and from 44°fresher (~0.01 ) and lighter (0.01 kg®nin a time

to 56°S respectivelySTSW s characterized by span of four years, from 2006 to 2010 (FigAdhigh
relatively high temperature and salinithe SASW  degree of freshening was indicated by them from
always found near the southern boundary of the2006 to 2010 in the I0SO (~0.01 in four years)
frontal zone and it is characterized by the lower compared to the freshening observed by Rintoul (2007)
temperature and salinity (9°C, <3%hile nearing  from 1990 to 2005 (~0.01 in 15 years). The increased
the PF region from the subtropics the surface waterinfluence of melt water from continental ice also may
becomes colder and fresher indicating the presenceause the freshening of bottom waters (Jacobs, 2002,
of AASW. Cold and fresh Mod&Vater in a depth 2006, Jacobs and Giulivi, 2010; Pritchardl., 2012).
between 400 and 700 m from 31° to 41°S has alsoln addition to the role dimery Ice Shelf, indeed the
been reported by them and it as a subtropical Modenearby Cape Darnley Polynya was reported as a
Water concurring with the earlier findings (Pak  significant source of new bottom water (Ohshigha

al., 1991 & 1993; McCartneyl977). North of the  al., 2013). From the above discussions it can be noted
ACC, this water mass is formed by deep winter that high degree of freshening and warmingAaBwW
convection and appears in summer sections as das been observed in the recent years could be due
pycnostad (or thermostad) beneath the seasonato the increased glacier melting as an impact of global
thermocline (Parket al., 1993; Stramma and warming.

Lutjeharms, 1997)This Mode Water is not . .

concatenated with the argument of McCartney (1977, Winter Water (\_NW): Th_eWW is believed to be
1982) who suggested all MoWéaters are associated a key source of micronutrients (Boyd and Ellwood
with the circumpolar SAFBetween 31° and 41°S 2010), which controls the blooms of chlorophyll (Chl

from ~1150 and ~1200 m depth, the featureSAV a) in the region. Freshwater layer thickness relative

characterized by its propertieg~(4.4°C; salinity to theWW in 2010 anc_l 20“1‘”"?‘5 compared (Fig. 5

minimum ~ 34.42 and_~ 27.24 kg m® were and 6) and observed higher thickness and cooler WW
: : .

identified which was reported earlier at@D m during 201 (Anilkumaret al., 2014a)This could be

(Blindoff and McDougall, 1999) and 1300 m (Patk due to the increased presence of sea ice in the winter
al., 1998). This could b’e due to impact of eddies of 2010, which subsequently melted, resulting in the
pr.(’asent iﬁ this region as reported by Sabal advection of melt water from the south and west of

(2015).AAIW, as indicated by a salinity minimum at the study regior\l\_/W, temperature minimu_m layer in
about 1000 m depth, spreads northward to about 1O°§he subs_urface_, is the remnant of the mixed "?‘Ver of
below the subantarctic Mod&ater (Sramma and the previous winter capped by seasonal warming and
Lutjeharms, 1997) which has a strong circulation in freshening (Def':lcon 1937; Paet_<a|. 199.8)' The_
the western Indian Ocean (Harris, 197@ple and ocean surface is exposed to winds during the ice-
Warren, 1993). Circumpolar Dee,ivater (CDW) free period, which augments the mixing, further this

occupies the depth range 2000-3800 m, has beelleMmperature minimum layer becoming mixed with the

identified with its remarkable feature~ 2°C: S~ surface and subsurface layers, and subsequent

34.77 ands, ~ 27.8 kg m?) in the 10SO ’this changes shall be made in the heat budget of the region
. q . 1

(Yuanet al., 2004).
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Fig. 3: TS diagram along 45°E. (a) 32-36°S, (b) 37-40°S, (c) 41-44°S, (d) 45-48°S, (e) 49-52°S, (f) 53-56°S (Anilletiaay 2006)

Eddies: The SO is one of the most energetic (Fuet al., 2010) in which mesoscale eddies play an
regions of the world ocean in terms of the eddy activity important role in the dynamics and thermodynamics
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et al., 2015)

(Marshall and Radko, 2003lternate cyclonic and

shallower depths (Fig. 8) but the anticyclonic eddy

anticyclonic eddies are common features in STF duePushes the warm, more saline STSW to deeper depths

to high mesoscale variability (Garrett, 1983).
southward shifting STSWh 2011 compared to 2010

(Sabuet al., 2015). Large change in water mass
characteristics was noticed in the eddy regions which

(Fig. 7) is attributed to the dominance of eddies in iS more significant in the cyclonic eddgTSW

2011 (Chackoet al. 2014).The cyclonic eddy
transports cold, fresh and deepeklW to much

Subtropical ModeWater, and AAIW were also
significantly modified in the cyclonic eddyt is
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Fig. 5: (A) WW temperature (°C) in 2010 and 201, along 47°E and (B), in 2010 and 2Qlalong 57°30’E(C) Freshwater thickness
(m), in 2010 and 201 along 47°E and (D), in 2010 and 2Qlalong 57°30’E

hypothesized that the freshening in h&lW at a phytoplankton community structure in the coastal
given depth in the cyclonic eddy is due to shoaling of waters of the Southern Ocean.

the pycnocline, causing further intrusion of fresh saline
water from deeper depths whereas the correspondin%Ioo
freshening in the anticyclonic eddy is due to the
conservation of potential vorticity

Physical Processes and Phytoplankton
m: Eventhough SO is considered as a high nutrient
low-chlorophyll (Chl) region, the studies carried out
by Sabuet al. (2014) andAnilkumar et.al. (2014a)
Costal Upwelling: Anilkumar et al. (2010) showed the occurrence of an anomalous
reported the signatures of coastal upwelling in the phytoplankton bloom in this area during the austral
Prydz Bay (69°192 S 76°E) and its influence on the summey2011. The bloom, which formed in January
on phytoplankton abundance during the austral2011, intensified during February and weakened by
summer 2006 (Fig. 9). In earlier studies it was March. High surface Chl concentrations (0.76 mg m
mentioned that Prydz Bays characterized by %) were observed in the area of the bloom (60°S, 47°E)
horizontal distributions of meltwatesuggesting a ~ with a Deep Chlorophyll Maximum (DCM) of 1.15
strong upwelling of warm water with the signatures mgnt* at a depth of 40-60 m (Fig. 10). During 201
of CDW., this causes the formation of sensible heat both the concentration and spatial extent of sea ice
polynyas, perhaps it results in melting the existing ice were high on the western side of the bloom, between
and/or prevents new ice formation (Stagd., 1985; 0°E and 40°E, and enhanced freshwater influx was
Caiet al., 2003; Flocco, 2005). Depends on oceanic observed in the study area, as a result of ice-melt this
conditions, the physical processes allied with the probably causes the enhanced &hi theAntarctic
meltwater have varying impact on the growth of Zone.A positive Southerinnular Mode and an
phytoplankton (Janseet al., 2007). These studies intense La Nina during 2010-2Dare possible reasons
signify the importance of upwelling processes on the for the high sea-ice. The presence of such blooms



370 N. Anilkumar and P. Sabu

(A) Sea lce Area Fraclion (unilless) (B) Sen [ce Area Fraction {unitless)
85 0% | I iy Y, Al IOPOVE R T g it 106
LOMGITUDE : 48E A LONGITUDE : 57.5E

69.0% —frrrrrrrrrr BAsaassasas T 6955 frrrrrrrrTe e e
M J S O M J S DM J M J 5 0 M J S D M J
2009 2010 2011 2009 2010 2011
(C) Modulus of Wind Stress (Pa) (D) Modulus of Wind Stress (Pa)
20140 Feb averaged 2011 Feb averaged
40%s 0%S 035

4455 4455

0.3
48TS L2 o

0.25:
52°5 52°5

b.2
565 565

0.15
505 605 |

o
Bass B45
R cis ] 0.08,
725 725 D

BOMW 407W 20%W O 20°E 20°E B0%E 30°E O™ 40%W 20°% ©° 20 40°C B0°E BO°E

Ekman current ——= 0030 m/s Ekman current ——>» 0030 mfs

Fig. 6: Sea ice fraction derived fom AMSRE along A, 48°E and B, 57°302 E; and wind s&ss (Pa) overlaid by Ekman curents (m
s derived from ASCAT during C, February 2010 and D, Februay 2011 (Anilkumar et al., 2014)

can play major role in drawing down atmospheric,CO CO, \entilation: Dissolution and dissociation of

exporting carbon to the ocean interienhancing  bicarbonate ions are the factors controlling the, CO
annual biological productivitgnd influencing trophic ~ exchange south of 50°S, where the productivity is
dynamics and biogeochemical cycles of the I0SO. limited. Supply of deep water with high DIC content
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Fig. 8: Vertical section of salinity in the (a) cyclonic eddy along 40°S section and (b) anticyclonic eddy along 57° B0Section.
Black vertical lines in the figure represent the CTD locations [Sabuet al., 2015]

to the surface layer and then to the atmosp{iége of warm water (Prasanng al., 2015).South of
11) is attributed to the occurrence of upwelling in the 44=%S has been identified as major sink of global
subtropical regiomnd further to the deterioration of carbon in the SO region (Caldeira and §u2000;
the dissolved inorganic carbon due to the occurrenceFletcheret al., 2006) where one third of the total
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global ocean uptake of anthropogenic Q&kes
places (c.a. 0.7 PgC ¥ (Fletcheret al., 2006).
Eventhougtihe efficiency of sinking of CQreduces
with time in SO predictions suggest that the region

may remain as an important sink of atmospherig,CO
(Roy et al., 2011) and it can be considered as a net
sink for anthropogenic C{jTakahashet al., 2012).
Although the role of temperature and wind in the,CO
uptake process was renowned, the process gf CO
uptake in SO is not completely understood (Longinelli
et al., 2012). In the sub-Antarctic zone (SAZ)
between 48°S and 51°S deep penetration of
anthropogenic CQ(<1900 m) was observed with
modest accumulation (<400 m) in south of 53°S
(McNeil et al., 2001). In some particular zones in
SO, the net flux of CQis positive during summer
time in an year although the SO has a net negative
flux of CO, (Metzl, 2009) and these regions are
significant to monitor in the event of climate change.
To understand théactors responsible for the
variability of CQ, concentration in air and ocean,
studies on physical and biological variabieghis
region are more significant @salaet al., 2012).
Detailed observations on air and ocean,CO
concentration in both the Indian Ocean and 10SO
are imperative to link the prominent role of I0SO
with the tropical climatic changes.

Way Forward

The I0SO behaves differently in terms of circulation
due to its enclosure in the north with contineAtaan
landmasses henaathropologically induced climate
change is much fasteHence future long term
hydrodynamic studies (both Modeling and
Observations) in the IOSO are imperative to address
the following major scientific and societal questions.

How the Southern Ocean circulation,
thermohaline structure, bottom water masses,
sea level and sea ice extent varies during
different scales and how it is linkedTmpical
Indian Ocean?

What is the role of CQdynamics/acidification
rate, biogeochemistry and biodiversity of the
Southern Ocean in modulating the physical
characteristics of the water and vice versa?

What are the atmospheric and ocean tele-
connection between Southern Ocean and
Tropical Ocean both in seasonal and Hatenual
time scale? How these oceans responding to
climate change?
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Fig. 10: Monthly variation of satellite Chl a during 2011(a) and long term mean (1997-2002) of CH (b) in the Indian sector
of AZ [Sabu et al., 2014]
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Fig. 11: A zone of CQ, sink has been identified near 52°S, a zone of GQentilation has been identified near 45°S. Productivity
being the main driving force for CO, sinking in southern ocean (Prasannet al., 2015)



374 N. Anilkumar and P. Sabu

Acknowledgement from Metop/Ascat Measuremeritsternational Journal

. . of Remote Sensing 331729-1754
The authors are thankful to Ministry of Earth Sciences, 9

Government of India for all support provided to Blindoff N L and McDougall (1999) Decadal changes along an

implement this programméVe are also thankful to Indian Ocean.section at 32°S and their interpretation
Director, NCAOR for his constant support and Journal of Physical Oceanography 301207-1222
encouragement. This is NCAOR contribution number Bonjean F and Lagerloef G S E (2002) Diagnostic model and
36/2016. analysis of the surface currents in the Tropical Pacific
OceanJournal of Physical Oceanography 322938-2954

References Boyd P W and Ellwood M J (2010) The biogeochemical cycle of
Anilkumar N, Dash M K, Luié\ J, Ramesh Bab¥, Somayajulu iron in the oceaature Geoscience 3 675-682

Y K, Sudhakar M and Pandey P C (2005) Oceanic fronts caj P HuangY, Chen M, Liu GQiuY, Chen X, Jin D and Zhou

along 45°E acros&ntarctic Circumpolar Current during X (2003) Glacial meltwater and sea ice meltwater in the

austral summer 2008urrent Science 88 1669-1673 Prydz Bay Antarctica Science in China (Series D) 46
Anilkumar N, LuisA J, Somayajull K, Ramesh Bab\, Dash 50-61

MK, Pednekar S M, Babu K N, Sudhakar M and Pandey cg|deira K and Duffy P B (2000) The role of the Southern Ocean

P C (2006)Fronts, Water Masses and Heat Content in uptake and storage of anthropogenic carbon dioxide
Variability in theWestern Indian Sector of Southern Ocean Science 287620-622

duringAustral Summer 200dournal of Marine Systems
6320-34

Anilkumar N, Pednekar S M and Sudhakar M (2007) Influence of
ridges on hydrographic parameters in the Southwest Indian
OceanMarine Geophysical Researches28191-199

Anilkumar N, Rahul Mohan, Shukla S K, Pednekar S M, Sudhakar

) ’ ) Discovery Reports (15) 3-122
M and Ravindra R (2010) Signatures of coastal upwelling o
in Prydz BayEastntarctica during austral summer 2006 Fletcher S E M, Gruber N, JacobsbR, Pone)s C, DUtk'eW'C_Z
Current science 99 1390-1394 S, GerbeM, FollowsM, JoosF, LindsayK, Menemenlis

D, MouchetA, Muller S A and Sarmientd L (2006)
Inverse estimates of anthropogenic Ptake, transport,

Chacko R, Nuncio M, Gege GV andAnilkumar N (2014)
Observational evidence of the southward transport of
watermasses in the Indian sector of Southern Gearaient
Science1071573-1581

Deacon G E R (1937) The hydrology of the Southern Ocean

Anilkumar N, Geoge JV, Chacko R, Nuncio M and Sabu P
2014b) Variability of fronts, fresh water input and
( ) arlla Yy 0, ronts, fresh water input an and storage by the oce@tobal Biogeochemistry Cycles
chlorophyll in the Indian Ocean sector of the Southern 202
OceanNew Zealand Journal of Marine and Freshwater
Research 49 20-40 FloccoD, BiggsN RT, ZambianchE andWadhamd?(2005)An
overview of theAntarctic polynyas and their impact on
deep water producticdBeophysical Research Abstracts 7
03513

Anilkumar N, Chacko R, Saby Roney Pillai U K, Geage JV
andAchuthankutty CT (2014a) Biological response to

physical processes in the Indian Ocean sector of the
Southern Ocear case study in the coastal and oceanic Fu L-L, Chelton D B, LeTraon P-Y and Morrow R (2010) Eddy

watersEnvironmental Monitoring and Assessment 186 dynamics from satellite altimetr{Dceanography 23
8109-8124 14-25
Anilkumar N, Chacko R, Sabu P and George J V (2015) FresheningGandhi N, Ramesh R, LaskaH, Sheshshayee M S, Shetye S,
of Antarctic BottomWater in the Indian Ocean Sector of Anilkumar N, Patil S M and Mohan R (2012) Zonal
Southern Oceabeep Sea Research || 118 162-169 variability in primary production and nitrogen uptake rates
Balmaseda M, Mogensen K antVeaverA T (2013) Evolution in the southwestern Indian Ocean and the Southern Ocean
of the ECMWF ocean reanalysis sys@umarterly Journal Deep-Sea Research | 67.32-43
of the Royal Meteorological Society 1391132-1161 Garrett (1981) Oceanographic features revealed by the FGGE
Belkin | M and Gordor L (1996) Southern Ocean fronts from drifting buoy arrayIn: Gower J F R (EdDPceanography
the Greenwich Meridian td@asmaniaJournal of from Space, Plenum Press, NeXork, pp. 61-69
Geophysical Research 1013675-3696 Hamilton L J (2006) Structure of the Subtropical Front in the

BentamyA and Fillon D C (2012) Gridded Surfagénd Fields Tasman SeBeep-Sea Research | 531989-2009



Physical Process Influencing the Southern Ocean Ecosystem 375

HarrisT FW (1972) Sources of thegulhas Current in the spring MV (Ed)A voyage of DiscoveryPegamon, Newvork,
of 1964Deep Sea Research 19 633-650 103-119
Holliday N P and Read J F (1998) Surface oceanic fronts betweenMcCartney M S (1982) The subtropical recirculation of Mode
Africa andAntarcticaDeep-Sea Research | 45217-238 WatersJournal of Marine Research 40 427-464
Hughes GV (2005) Nonlinear vorticity balance of tAatarctic (supplementary)
Circumpolar Curreniournal of Geophysical Research 110 McNeil B I, Tilbrook B and Matear R J (200Arcumulation and
C11008 uptake of anthropogenic CO2 in the Southern Ocean, south
Jacobs S S, Guilivi C F and Merle P (2002) Freshening of the of Australia between 1968 and 19®firnal of Geophysical
Ross Sea during the late 20th centaignce 297386-389 Research-Oceans 106 31431-31445
Jacobs S S (2006) Observations of change in the Southern OcealeijersA J S, KlockeA, Bindoff N L, Williams G D and Marsland
Philosophical Transactionsof the Royal Society A3641657- S J (2010y he circulation and water masses ofAhearctic
1681 shelf and continental slope between 30 ari&E8kep Sea
Jacobs S S and Giulivi C F (2010) Large multi decadal salinity Research Part 11 57(9) 723-737
trends near the Pacifisntarctic continental maim Journal Metzl N (2009) Decadal increase of oceanic carbon dioxide in
of Climate 234508-4524 Southern Indian Ocean surface waters (1991-2D6&)-
Jansen D, Schodlok Mdhd RackV (2007) Basal melting - Sea Research |1 56(8-10) 607-619
38B:A physical model constrained by satellite observations Nowlin Jr, W D and Klinck J M (1986) The physics of the
Remote Sensing Environment 111 195-203 Antarctic Circumpolar CurrerReview of Geophysics 24
Jasmine PMuraleedharan K R, Madhu W, Asha Devi C R, 469-491
Alagarswamy RAchuthan Kutty CT, Jayan Z, Sanjeevan ~ OrsiA H, Whitworth T 1Il and Nowlin W D Jr (1995) On the
V N and Sahayak S (2009) Hydrographic and productivity meridional extent and fronts of tAatarctic Circumpolar
characteristics along 45°E longitude in the southwestern CurrentDeep-Sea Research | 42641-673
Indian Ocean and Southern Ocean dufingtral summer Ohshima K |, FukamachM, Williams G D, Nihashi S, Roquet F
2004Marine Ecology Progress Series 38997-116 KitadeY, TamuraTl, Hirano D, Herraiz-Borreguero L, Field
KostianoyA G Ginzbug A |, FrankignoulleM and Delille B I, Hindell M, Aoki S andWakatsuchi M (2013)ntarctic
(2004) Fronts in the Southern Indian Ocean as inferred BottomWater production by intense sea-ice formation in
from satellite sea surface temperature dmarnal of the Cape Darnley Polynydature Geoscience 6 235-240
Marine Systems 45 55-73 Park Y H, Gamberoni L and Charriaud E (1991) Frontal structure
Lenn Y D, Chereskin T K, Sprintall J and McClean J L (2011) and transport of theéntarctic Circumpolar Current in the
Near-surface eddy heat and momentum fluxes in the South Indian Ocean sector, 40°-8Q¥rine Chemistry
Antarctic Circumpolar Current in Drake Passagernal 3545-62
of Physical Oceanography 41 1385-1407 Park Y H, Gamberoni L and Charriaud E (1993) Frontal structure,
LonginelliA, Giglio F, Langone L, Moggio L, Ori C, Selmo E and water masses and circulation in the Crozet Bdsimrnal
Sgavetti M (2012Atmospheric CQ concentrations and of Geophysical Research 98 12361-12385
delta C-13 values between NewZealand Anthrctica, Park Y H, Charriaud E and Fieux M (1998) Thermohaline structure
1998 to 2010: some puzzling resullus Ser B-Chem of Antarctic surface water/winter water in the Indian sector
Phys Meteorology 64(December) of the Southern Ocealournal of Marine Systems 175-23
Lutieharms J FE andAnsomge | J (2001)The Agulhas return ~ Prasanna K, Prosenjit Ghosh atdilkumar N (2015) Sable
currentJournal of Marine Systems 30 115-138 isotopic signature of Southern Ocean deep watey CO
Lutieharms J R E anWalentine H R (1984) Southern Ocean ventilationDeep Sea Research |1 118 177-185
thermal fronts south @ffrica Deep-Sea Research 31 1461- Pritchard H D, Ligtenber S R M, Fricker HA, Vaughan D G
1475 vanden Broeke M R and Padmaif2012)Antarctic ice-
Marshall J T and Radko T (2003) Residual-mean solutions for sheet loss driven by basal melting of ice sheNatsire
the Antarctic circumpolar current and its associated 484502-505
overturning circulatiodournal of Physical Oceanography Rintoul S R and Sokolov S (2001) Baroclinic transport variability
332341-2354 of theAntarctic Circumpolar Current south of thestralia

(WOCE repeat section SR3purnal of Geophysical

McCartney M S (1977) Sulntarctic ModeWater In: Angel,
Research 1062815-2832



376 N. Anilkumar and P. Sabu

Rintoul S R, Sokolov S and Church J (208%-year record of Strammal and Lutjeharmg R E (1997) The flow field of the

baroclinic transport variability of thntarctic Circumpolar subtropical gyre of the South Indian Ocelmurnal of
Current at 140 degrees E derived from expendable Geophysical Research 1025513-5530
bathythermograph and altimeter measuremimtsial of Stammer D (1998) On eddy characteristics, eddy transports, and
Geophysical Research 107 mean flow propertiedournal of Physical Oceanography
Rintoul S R (2007) Rapid fresheningAuftarctic BottomWater 28727-739
formed in the Indian and Pacific ocea@sophysical Swart S, Speich SAnsomge | J, Goni G J, Gladyshev S and
Research Letters 34 LO6606 Lutjeharms J R E (2008) Transport and variability of the
RoyT BoppL, GehlenM, SchneideB, CaduleP, FrolicherT L, Antarctic Circumpolar Current southAfrica Journal of
Segschneided, TjiputraJ, HeinzeC and Joo$ (2011) Geophysical Research 113 C09014
Regional impacts of climate change and atmospheric CO Swart S and Speich S (2020) altimetry-based gravest empirical
on future ocean carbon uptake: a multimodel linear feedback mode south oAfrica; Dynamic nature of thAntarctic
analysisJournal of Climate 24 5195-5195 Circumpolar Current frontsournal of Geophysical
SabuP, Anilkumar N, Geoge JV, Chacko Rripathy S C and Research 115 C03003
AchuthankuttyC T (2014)Air-sea-ice interaction on the  TakahashT, SweeneyC, HalesB, ChipmarD W, NewbegerT,
anomalous phytoplankton bloom in the Indian Ocean Goddard G lannuzzi R and Sutherland S C (201P)e
sector ofAntarctic Zone of the Southern Ocean during changing carbon cycle in the Southern Oc@eeanography
austral summer 201Rolar Science 8 370-384 2526-37
Sabu PGeoge JV, Anilkumar N, Chacko RVinu Valsala and  TooleJ M andwarren BA (1993)A hydrographic section across
Achuthankutty C T (2015) Observations of watermass the subtropical South Indian OceBeep Sea Research 40
modification by mesoscale eddies in the subtropical frontal 1973-2019

region of the Indian Ocean sector of Southern Obeep ValsalaV, MaksyutovS and Murtugudd® (2012)A window for

Sea Research I 118152-161 carbon uptake in the southern subtropical Indian Ocean
Sokolov S and Rintoul S R (2002) Structure of southern ocean Geophysical Research Letters 39 L17605

fronts at 140°&Journal of Marine Systems 37 151-184 WarrenB A (1978) Bottom water transport through the Southwest
Sokolov S and Rintoul S R (2007) Multiple jets of Argarctic Indian RidgeDeep Sea Research 25315-321

Circumpolar Current south AlistraliaJournal of Physical WarrenB A (1981) Trans-Indian hydrographic section at lat.,

Oceanography 37 1394-1412 18°S: property distribution and circulation in the South
Sokolov S and Rintoul S R (2009) Circumpolar structure and Indian OcearDeep Sea Research 28 759-788

distribution of theAntarctic Circumpolar Current fronts: Whitworth T 11l (2002) Two modes of bottom water in the

1. Mean circumpolar pathdournal of Geophysical Australian-Antarctic Basieophysical Research Letters
Research 114C11018 291073

Sparrow M D, Heywood K J, Brown J and Stevens D P (1996) v,a x| Martinson D G and Dong Z (2004) Uppeean thermal
Current structure of the South Indian Ocdaornal of structure and its temporal variability in the southeast Indian
Geophysical Research 1016377-6391 OcearDeep-Sea Research | 51 333-347.

StaggH (1985) The structure and origin of Prydz Bay and Mac.

Robertson Shelf, Ea&ntarcticaTectonophysics 114 315-

340



