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Southern Ocean is a crucial oceanic regime for understanding the role of biogeochemical cycles in influencing the global
climatic changes, as this is a region where signatures of global changes are more pronounced. For an Improved understanding
of the link between Southern Ocean processes, biogeochemical cycles and the global climate, scientific research was
commenced. Some remarkable research work has been accomplished by Indian Scientific community in the Indian sector of
the Southern Ocean (ISS®@)total of six successful multi-disciplinary and multi-institutional expeditions were carried out

from the year 2009 to 2015 in the 1ISSO, with the pilot expedition launched in the year 2004. During the last decade, an
understanding of different aspects of the ocean processes has been achieved using chemical studies and proxies. Studies in
the 1ISSO focused on shifts in the oceanic fronts, the carbon and nutrient dynamics, as well as the food web dynamics across
the different fronts. The spatial-temporal variation of nutrients, dissolved oxygen, dissolved inorganic carbon and the
factors regulating their distribution in the ISSO has also been addistsetpts were made to understand the atmosphere-

ocean interaction of C{and biogeochemical processes. Some experimental work have been undertaken to assess the
nitrogen uptake and influence of micronutrients on phytoplankton. Simialyle isotope of oxygen has been used as a

proxy in some early studies in the ISSO. Isotopic and molecular investigations have been commenced to understand the
biogeochemical processes within the water column, as the biological pump and particulate organic matter (POM) have a
major role to play in carbon sequestration and further influencing the global climate varidtgtijled studies on

dissolved and particulate organic matter are being carried out to gain knowledge of the biological pump and the factors
responsible for climate variability and ocean acidification.
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Introduction hydrographic and chemical characteristics (Magtin

al., 2013)With a motive to understand this variability

Southern Oc_:ean (SO) is the largest and one ,Of_ theamd the factors responsible, a pilot expedition in the
most dynamic regions of the world Oceans. This is andian sector of the Southern Ocean (ISSO) was

Naunched in the year 2004. From 2009 to 2015, six
successful multi-disciplinary and multi-institutional
a%xpeditions were carried out in the ISSO. Some major
Shational and international scientific institutions/
Universities have participated in these expeditions.
With the launch of these expeditions, research in
various sectors of oceanographic studies were
%ommenced to understand the biogeochemical
processes in the ISSO. Furthermore, the latitudinal

variation of calcification depth of foraminifera
(G.bulloideg was studied using stable oxygen

currents. It is characterized by a well-defined frontal
structure and supports transport and exchange of he
salts, and other organic and inorganic componen
between the major ocean basins, throughAtttarctic

Circumpolar Current (ACC) (Jasmine et,&009;

Anilkumar et al, 2006; Holliday and Read, 1998).
The biogeochemical processes in this region have
major role in the global carbon cycle and climate
change. The SO is a HNLC (High Nutrients Low
Chlorophyll) region with high variability in the
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isotopes. Investigations to identify the sources andproductivity (low TOC and Chlorophyll values) in the
processes governing the distribution of SuspendedPolar Front (PF) region from 48°S to 57°S, during the
Particulate Matter (SPMacross the different frontal study period. Based on a correlation analysis of
zones in ISSO are also being carried out. Studiedifferent factors and temperature normalip€D,,
addressing the variation@fC andd'®N of particulate  this study postulated biological processes to be
organic matter (POM), and the factors controlling the controlling thepCO, along 57°30’E transect and
isotopic signatures of POM in ISSO have been initiated physical processes controlling €0, variation along

to achieve knowledge of the biogeochemical 48°E transect. They proposed that SO acted as a
processes and the biological pump in the ISSO. Somesink but the area around Crozet Island behaved as a
of the processes studied and the findings reported bysource likely because this region is prone to upwelling.
using chemical proxies in the ISSO and coastalpCO, increased southwards mainly due to low

Antarctica have been discussed in this article. biological productivity This study suggested that
southwards th@CO, exhibited an increasing trend
Nutrients and Dissolved Gases in the last decade and is associated with the Southern

Annular Mode (SAM).
Documenting and understanding the trends of nutrient

and dissolved gases, especialrbon dioxide (C9 To fill the existing gaps concerning the
and CQ fluxes is important for providing insights into  knowledge of carbon cycle ap€0O, variability in

the biogeochemical processes in the ISSO and theithe ISSO, Shetyet al. (2015) studied the physical
role in the global climate changes. SO is a regionand biological processes controllipgO, in the
characterised by low temperatures, strong winds,surface mixed layer during the transition period from
surface currents and mixing velocities. The role of SUmmer to early wintefThe authors used a one
temperature and wind stress in the process of CO dimensional model by Louancht al. (1996), and -
uptake and variations in G@uxes is documented in ~ describe the mixed layer carbon cycle, using in-situ
the SO (Andersoat al, 2009; Longinelletal, 2012; ~ data (January 2009, February 2010, March 2012)
Waugh, 2014). SO has been demarcated as a majo’%nd satellite derived data to determine the relative
sink of atmospheric CQ{Caldeira and Ddf, 2000; contribution of biological activitymixing, thermal and
Fletcheret al, 2006). Howeverstudies have air-sea fluxes opCO,. Significant spatial and
suggested that the strength of SO as a sink jsseasonal variation was observed in surface seawater
decreasing and the intensity varies seasonally acrosBCO, across the frontal zonesn average increase
different zones (Metat al, 1991; Metzl, 2009)A  Of ~75uatm was reported in this stuttpm the STF
deeper understanding of the carbonate system an289 uatm) to the PF (364 patm). It was also noted
the processes governing COptake is of utmost that the averagpCO, estimated in the entire study
importance to ascertain whether the entire regimea@reaincreased from 286 patm in January to 337 patm
acts as a source or sink for atmospheric.z.CKb in March.A transition frompCOzsaturated waters
gain better insights in this aspect, studies on totgl CO (March 2009) to under saturated waters (January

(tCO,) and partial pressure of GQpCO,) in the 2012) was observed during the studythe month of
ISSO were initiated. Januarythe highest biological drawdown pE€QO,

was reported. This drawdown was associated with

A study to address the spatio-temporal variation pjologicalprocesses such as primary production,
of pCO, and its relation with nutrients and biological respiration and calcification, and was considered as
production in the ISSO along two transects (48°E andthe predominant controlling factors as compared to
57°30°'E) was taken up during austral summer 2009the physical processes like thermal variabititjxing
(Shetyeet al, 2012). This study reported low nitrate and air-sea fluxes. This study concatenates the
with higher nutrient utilisation in the Sub tropical front  previous study (Shetyat al, 2012) which addresses
(STF) from 41°-43°S along 48°E and 43°-46°S along |SSO as a sink. The same study also reported that
57°30°E.Vertical miXing was assumed to have a ma.jor the average nutrients were h|ghest in Febr’uary
role in the supply of highe¢€O, to the surface waters.  however silicate was maximum in Marghdeviation

The pCQ, increased southwards along both the from the Redfields N/Pratio (16) was displayed with
transects and this was attributed to the |OW€ra Variation’ from an average of 6to 9 increasing
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southwards, along the transect. The low N/P ratio It was suggested that the utilization of nitrate

indicated higher nitrate utilization. The N/P and Si/N was high in the northern region from 39°S to 44°S;

ratios decreased from January to March. whereas the silicate utilisation was higher in the south
from 45°S to 52°S (Dessat al, 2011, Tech rep).

A similar study was carried out In thetarctic The study ascertained that the nutrient dynamics
coastal waters and the Enderby basin to address thScross the fronts depends on the physical and

seasonal biogeochemical dynammsQ, variability
and the air-sea flux through the different seasons
(Shetyeet al, 2016). They found sea-ice plays a Shetyeet al (2014) studied silica depletion under
crucial role in driving biochemical changes @D, theAntarctic sea iceThey hypothesised that diatom
variability in the coasta\ntarctica. Sea-ice changes bloom driven depletion of dissolved silica in the
caused a decrease in sea surfaC®, during Antarctic under sea ice waters affect biomineralising
summerwhile it enhancepCO, during winter This organisms. They reported that surface dissolved silica
study documented a highgCO, in March compared  (DSi) increased from subtropics towards the poles
to that in January and Februdngwevermost ofthe  and was high all along the coast and also the
study area was under saturated wi@O,. Based dominance of diatoms resulted in high sediment
on the CQ fluxes estimated the study inferred, organic carbon (3.5 %). They reported intense diatom
Enderby basin act as a strong sink in Januarya dominated ice-edge plankton bloom in the Enderby
weak sink in other two months and proposed thatbasin causing severe depletion of DSi (< 5 uM) under
different factors dominate during different months. sea ice. This was supported by the presence of small
The primary productivitynutrient availability and sea  spicules of sponges undntarctic ice, also evidence
ice were dominating in January but in February for silica depletion from penecontemperorous
temperature played a major role, followed by primary dissolution was observed on small style spicules and
productivity and sea-ice melting. However during the authors attributed thelow silica concentration under
March, nutrients, light availability and vertical mixing Antarctic sea ice to diatom bloom which is severely
along with decay of organic matter were significant affected by the silicification in sponges.

factors. The study also reported that the regions east _ .

of 55°E along the coastahtarctica acted as a source Stable Isotopic Signatures of Carbon for

of CO,, while the western region acted as a sink for Understanding CO, Exchange

atm_osphe_ri_c Cg)and.assqciated this deviation with A study to identify the region of C@enting over the
vertical mixing and biological processes. SO was carried by Prasaretaal (2015).To achieve

Studies on nutrient distribution and DO in ISSO this, the atmospheric C‘Z(bloncentration, thél.sc of
waters were initiated by Rajkumat al (2008). gtmospherlc CQand theé™C of DICwas.estlme'lted
During the pilot expedition to SO, it was reported that in the sea surface waters across the latitudes in ISSO

the trend in nutrient distribution across the frontal zonesduridngI 201, 201% 2013They ;Jsec()j_rlfeeling'mgi?g
matches with the hydrographic properties. The data/Mode! to trace the source o &-Qhe averag

(nutrient and oxygen) obtained during this study also gomgozszii%nzzf;hg sEurce ofz(iégwgszgie;dic;ed to
provided insights of the changes in productivity be —9.2240.26 %o In the year 2Dand - whereas
it was predicted to be 13.49+4.07 %o in the year 2013,

Recently attempts have been made tobased on measured data. The end member value for
understand the nutrient variability and nutrient 2011, 2012 was similar but did not match with the

utilisation across the frontals zones in the ISSO usingexpected value of degradation of phytoplankton, thus
geochemical tracers such as N*(nitrate utilisation) andthe authors deduced dissolution of bicarbonates in the

biological processes.

Si*(Silicate utilisation). water column to be the source of CQuring the
study period. They also proposed the degeneration of
N* and Si* was calculated as follows: DIC to be favoured in warmer waters. However in
N*= NO, -16PQ 2013, the source of COwas inferred to be

degradation of organic matter and mixing of DIC
Si*= Si(OH),- NO, (Sarmeintcet al.,2004) present in seawatdéihe Keelings component model
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identified the end member to have a composition of - A study was carried out Bywari et al (2013)

36.7 %o.Another finding from this study was that by coupling stable isotopes of oxygen and salinity in

degassing of CQo the atmosphere was favoured in surface sea water to ascertain the ocean-atmospheric

coastalAntarctic region as this regime experience processes across the different fronts m tBSO as

high wind speed and the surface waters have highwell as to identify the water masses in this region.

DIC. The study highlighted the relation betweéé#0 and

sea surface salinity pertaining to distinct water mass
A recent report by Prasanr&i_ al (2016) and confirmed the prevalence of evaporation/

addres_ses _the effect of c_han_ge In v_v_ater rnassprecipitation.The subtropical zone was dominated by

properties with depth and latitudinal position on the evaporation/precipitation, whereas in #etarctic

: . 18 13 i o
wgk())rlpl)()_:jatlon r?ff) Od an(Ijé‘) Cd(;n forzzmlt:ufera _ Izone, ice melting-freezing is dominant. The effect of
((j. tl.Jbotl. e9. ]Tﬁlgcs'“]{ I)D/I(a:s_o a fresse tt © s_?ﬁt'a continental ice melt was noted at the southernmost

istribution 0 0 In surtace waters. 1N€ 5 ation (66.73°S). Using this stable isotope proxy the

1 13 : I
o 8|O ?ndz C. valtj]es of calcite at egumbrlum,dvyas_ hSubtropical and Polar fronts were identified at 44°S
calcu ate ' using ¢ e.t('amperature and compare Wit g 545 respectivelyrhis was succeeded by a study
the isotopic composition 680 ands'3C in the water

(Tiwari et al, 2015)to document th&'®0 variability;
1
column. The measureid®O ands™C values were the relation o680 with salinity across the fronts in

higher than Ithe (;xpected _vt?luez byh—2 %o and -1 f%"ISSO. The study also identified the origin, of the waters
(rfspec_:;ll)v.e y T e% a;tZr(;B uted the caufse °T"in the eddy encountered area. The slopé!8®-
Isequilibrium south © to & process of mass salinity relation indicated that the warm core eddy

dep_endent_kingtic fra_tctionation ql_ue_ to deeP?r O_lepthwas formed in a region dominated by evaporation and
habitat, partial dissolution, non-equilibrium calcification, precipitation, while the waters surrounding the eddy

ocgarr]uc Sqrea:;:mfct a]ind fgenetlc variabilityAn q are from a region dominated by freezing and melting.
enrichment ifo “C i) Of suriace waters was reported e (o16 of eddies in the formation of intermediate
and this was attributed to an increase in organic mattey, .. .« in the SO was also explored in this stlitig

production or its associated removal. Large inter- , .- . tic |ntermediataVaters (AAIW) with 5150
annual variation between the period of 2012 and 2013Values of 0.0 %o to 0.2 %o, flowing below tAatarctic
was documented. They also proposed a model forSurface waters which displayed the lowest
production and export of ganic matterThis model temperature, salinity artd®0 values (~0.4 %o to —
can be used to SImUIARC,p,, values for biologically g 5 o) \were * identifiedThe AAIW forms in the
productllve regions in Fhe SQ' The m_odel accountspolar frontal waters, a region with the dominance of
for thed 3C(DIC) values in a given location based on freezing/melting, however it was observed at a

thebproducélorr]\ rate of orlganlc cfarbon, _total %rgam(_: shallower depth which was possibly due to the
carbon and the removal rate of organic carbon, 'tinfluence of the eddy

also demonstrates that a steady state of the carbon

isotope ratio of water can be achieved in a relatively Experimental Work

short time of ~5000 days. Beyond 50°S,8HE g, _ _ _
values were lowThe study ascertained that these TO understand the nitrogen uptake and its role in
§1C p,c, Values are controlled by the nutrient supplied imiting phytoplankton productivitya few experiments

by Antarctic BottomWater and upwelling. have been carried out in the ISSO. Earlier studies
have ascertained iron limitation in the SO and an

Use of Stable Isotope of Oxygen (3'80) and addi_tion of iron can increase primary productivity

Hydrogen (3D) as a Proxy (Geider & Rocha, 1994; Hutchiret al, 1995).

However the effect on different N-substrate was
6180 is generally used as a tracer to identify different unknown. One such initiative was a bottle sé&ie
water massesiD values of seawater are sensitive tracer iron experiment carried out by Prakeshl.
to various processes of the hydrological cycle like (2010) to assess addition of iron on the N-uptake rate
evaporation, precipitation, and freezing. Therefore, and f-ratio in the 1SSO. It was reported that iron
study of6D and$'®0 along with salinity are unique  addition not only enhance N@ptake but also showed
and important to understand ocean surface processean increase in ammonia and urea uptake with
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insignificant effect on the f-ratio. The addition of the factors governing the fate of organic matter
iron did not enhance N-uptake based primary (production, remineralisation) and preservation. POM
production at the initial stage but increased the uptakeis a key component of the biological pump and it is
at a later stage. known from earlier studies, that a major portion of
, _ POM is remineralised in the upper photic layer (Honjo

Another Mesocosm experiment was carried out al, 2008; Duforet-Gauiest al, 2010). Therefore

by Dessaiet al (2011, Tech. Rep) to study the to understand the biogeochemipedcesses isotopic

mfluencg of iron apdhcobeg)lt on plhytgplalmkfton and molecular studies are important. The stable
community structure in the subtropical and polar front isotopic ratio of carbon and nitrogen of POMC

Or]: the'ISSO. .It was r.epolrted dthat |n(:]|V|dhuaIIy ggth q andd'®N) are often used to understand the conditions
.t 3. r_r:jlcnl)lmi)tnen';]s stlrgg adt? gro;\_/t W e.nd% € prevailing at the time of carbon fixation and to get
Individually but when added in combination it did not insights of the processes related to organic matter

trigger much growth. It was also observed thatdiatomCycling (Loureyet al, 2003, 2004 & references
sustained longer in a cobalt enriched environment ; ’

h he b higher in the i ich Js/ithin). Recently investigations to understand the
\évn\i:gﬁrsnfen? lomass was higher in the iron enriche iogeochemical cycle of POM using isotopic and

molecular studies have been initiated.

Suspended Particulate Matter (SPM) One such study addressed the variatio#i

A study was taken up by Dessaial (2011) to gain and 81N of POM, and the factors controlling the
isotopic signatures of POM in surface waters in the

insights into the spatial distribution of SPM and the k i
ISSO (Soare®t al, 2015). In this study it was

associated trace metals and to identify its sources. i h i
The authors reported high SPM and low salinity in "€POrted that in the ISSO, physical processes like
emperature gradient and eddies as well as the

surface waters and also high SPM at 1000 m alongtb_ g " ) ) -
with high iron and manganesefintarctic zoneThe iological processes contribute equally in the isotopic
characterisation of POM, and these factors are

study suggested that the particulate matter in the _ i tion HAEC s
northern region especially the subtropical front was '€SPonsible for the variation andoN across
the fronts in ISSO surface waters. During austral

mainly of biogenic origin, with enrichment of calcium. 3C _ ,
It also stated that, temperature and salinity controllegSUmmer 2012, t[' of POM in Sub;troplcal front
primary production, has a major role in the SPM was enrichd in §1°C (average —22.81%o), relative to

distribution of this region. Converseli the southern the 513C of colder Polar Front waters th_at_dlslplayed
region SPM was of terrigenous origin and rich in iron depleted values (average —25.82%) similab Bl

and manganese. The inputs to the SPM in Southerﬁhat was enriched in the Sybtrop|cal front. It WB:S
region was proposed to be mainly from melt water postL_JIated tha_lt fthe com_munlty structure had a major
and from a region with low productivity dominated by "©l€ in cetermining the isotopic signatures of POM
diatom A similar study was carried out to understand With the dominance of dinoflagellates in the eddy
the processes controlling the distribution of SPM Prone, low nutrient Subtropical front waters vﬁ%FC _
across the frontal zones during austral summer 20108M1ched POM and diatoms dominated nutrient rich
wherein it was reported that the highest SPM wasCcolder water displaying depletétC of POM.
guantified in the Subantarctic zone followed by the Other Related Studies

Antarctic zone and this variability was attributed to

the different biogeochemical processes dominating inUse of 180 asa Proxy in Planktonic Foraminifera

the diferent zones of ISSO (Nayak & Noronfiach. Sudies

rep., 201) ) .
Saraswat and Khare (2010) tried to ascertain the water

Particulate Organic Matter (POM) in the Water depth at which the planktonic foraminiferal sgp.
Column bulloidescalcifies its shell based on the stable isotopic

. : . . composition of oxygendt®O) in its shells.A
The ISSO being characterised by different Ocean'ccomparison of seawater salinity and temperature

fronts qnq influenced by eddies, this region is highly estimated frons80 of G. bulloidess!80 show that
dynamic in terms of air-sea flux of G@s well as . ification depth o6. bulloidesvaries latitudinally
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The study also stated that north of 43°S the Future Prospects
calcification depth was deeper approximately 200 m,
determined from the estimated temperature well
matching the seawater temperature at 200 m.
However south of 43°S the calcification depth was

shallower

Although many studies have been carried out in the
ISSO, the region is still understudied in terms of the
biogeochemical processes. It is of utmost importance
to understand the biogeochemical processes in the
region as the SO have a strong global influence. Most
Subsequent|ya study was carried out to evaluate important being the CQdynamics, although studies
the spatial variability of isotopic value of foraminifera are going on, they need to be extended on a larger
across diferent frontal regimes {Wari et al, 2011). scale and the system needs to be monitored to quantify
This study documented, planktonic foraminifera the fluxes. It is essential to address Ocean
secrete their shell at isotopic equilibrium with seawater acidification, which significantly influences the ocean
Also, comparative analysis 8fO_,,.and predicted  biological community structure and other biochemical
values&'®0O_, .. revealed a similar trend as that processes, consequently affecting the food web
measured for the shells. They reporéé¥C values  dynamics. Besides, detailed studies to understand the
of plankton net samples and core top sedimentbiological pump and processes like remineralisation
samples increased southwards and attributed it to thevithin the water column are crucial, as the water
productivity fluctuation which increase southwards masses formed in the ISSO can upwell at a different

due to the influx of nutrients from ice melt, sird¢&C location causing degassing/flux of C@ the
variability appear to be governed mostly by primary atmosphereAs the carbon, nutrients and food web
productivity dynamics are all inter-linked and involve a complex

interplay of varied physical, biological and
biogeochemical processes which need to be studied
in detail to understand and further predict the global
climate variability

RecentlyMoharnet al (2015) demonstrated that
there is a shift in the abundance of foraminifera from
Subtropical Front to Polar Front and repo&@ in
sediments is higher compared to towed plankton
samples. The study proposed that some part of thencknowledgement
shell precipitates in cooler deeper waters where _ o _
secondary calcification occurs. This study suggestedOUr sincere thanks to the Ministry of Earth Sciences
the absence of dissolution in the foraminifera from for funding the Indian Southern Ocean Program. The
surface sediments and attributed it to low organic @uthors would like to acknowledge DirectCAOR
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