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The southward transport of water masses in the  
Indian sector of the Southern Ocean (SO) is compared 
using the hydrographic data collected during the aus-
tral summer of 2010 and 2011. It has been found that 
subtropical surface water (STSW) underwent maxi-
mum southward displacement during the study  
period. The southward extent of STSW was at 45S 
during 2011, but was restricted to 42S during 2010. 
During 2011, three eddies were identified along the 
cruise track, whereas during 2010 eddies were absent. 
Satellite sea-level anomaly showed that these eddies 
were associated with the highly unstable Agulhas Re-
turn Current (ARC). The present study shows that 
STSW is transported along the peripheries of these 
eddies during 2011. There are indications of transport 
of mode water as well, but this is not resolved in the 
present study. Analysis of eddy kinetic energy shows a 
positive linear decadal trend; also, peak eddy lagged 
the southern annular mode by a year. This indicates 
that though the eddies may act locally, they are linked 
to the large-scale variability in the southern hemi-
sphere. 
 
Keywords: Eddy kinetic energy, oceanic fronts, subtro-
pical surface water, water masses. 
 
THE Southern Ocean (SO) is a key player in the Earth’s 
climate for its importance in the global ocean circulation 
and water mass formation, inter-basin connections, and 
air–sea exchanges of heat, freshwater, and tracer gases1. 
The SO is characterized by a wide spectrum of variabi-
lity. The high frequency variability largely arises from the 
wind-driven ocean variability2–4. Low frequency variabi-
lity of inter-decadal timescales also occurs in the SO and 
to an extent depends on the mesoscale eddies5, suggesting 
the role of intrinsic variability in the decadal variability6. 
The eddy kinetic energy (EKE; which is a measure of 
mesoscale activity) in topographically constrained areas 
in SO and within the Antarctic Circumpolar Current 
(ACC) is often dependent on changes in wind forcing on 
inter-annual to inter-decadal timescales largely associated 
with major climatic modes such as the Southern Annular 

Mode (SAM) and El Niño/Southern Oscillation 
(ENSO)2,7,8. Model studies reveal that different geographic 
regions within the SO respond differently. The Pacific 
sector is characterized by intrinsic disturbances that  
respond to SAM and ENSO, whereas the Atlantic sector 
is largely wind-driven. Satellite observations9, buoy  
trajectories10, inertial jet models11 and hydrographic 
data12–14 have revealed that high mesoscale variability in 
the SO is closely correlated with regions of prominent 
bottom relief. This variability also correlates closely with 
either the terminal region of a major western boundary 
current such as the Agulhas Current, or where the ACC 
interacts with prominent bottom topography such as in 
the Drake Passage or at the Crozet and Kerguelen Plateau12. 
Eddies are also an important feature in the SO. In SO, 
poleward heat flux that regulates the meridional overturn-
ing circulation is influenced by mesoscale eddies15–17. 
Recent literature shows that eddies in the Agulhas retro-
flection entrap subtropical properties like low oxygen and 
CFC, and transport to the sub Antarctic zone mostly by 
eddy translation18. 
 The southwest Indian sector of SO is characterized by 
the confluence of warm Agulhas Return Current (ARC) 
and Subtropical Convergence13,19. This region is known 
for its enhanced primary productivity and water mass 
formation and high incidence of mesoscale features20. 
The present study was carried out in the southwestern  
Indian sector of SO during the Indian scientific expedi-
tion to the SO in the austral summer of 2010 and 2011. 
The study has analysed the thermohaline variations in an 
area characterized by mesoscale disturbances and  
attempted to understand the role of eddies in the southward 
water mass transport as well as examine the year-to-year 
variability in the region using available datasets and to 
link it with the large-scale variability. 

Data and methods 

This study was carried out on-board ORV Sagar Nidhi dur-
ing the 4th and 5th Indian Expedition to SO (February 
2010 and 2011). A CTD (Sea-Bird Electronics, USA; tem-
perature precision:  0.001C, conductivity:  0.0001 S/m 
and depth  0.005% of the full scale) was used to collect 
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temperature and salinity profiles of the upper 1000 m  
water column at 2 intervals along 5730E. In addition, 
dense underway profiling of the upper ocean temperature 
and salinity was carried out with expendable conducti-
vity–temperature–depth probes (XCTDs; Tsurumi Seiki 
Company Limited, Japan; type: XCTD-3; terminal  
depth: 1000 m; temperature/salinity accuracy:  0.02C/ 
 0.03 mS cm–1) at 30 nautical mile (nm) interval and 
supplemented full-depth CTD stations that were spaced at 
approximately 120 nm. Generally, three XCTDs were 
launched between CTD stations. Figure 1 a and b shows 
the station location during the cruises in February 2011 
and 2010 respectively. The XCTD profiles were quality 
controlled by following the guidelines in the CSIRO 
cookbook21. 
 The first mode baroclinic radius for the region can be 
taken as ~ 30 km (ref. 22). Baroclinic eddies can grow 
maximum to the size of 2Lr, where Lr is the Rossby  
deformation radius23. Our sampling interval is roughly 
60 km. Hence smallest features that can be identified with 
the in situ measurements will have ~ 180 km dimension. 
In this case, even the largest feature, will, however, be  
resolved only by three data points. To supplement our in 
 
 

 
 

Figure 1. Cruise track overlaid by monthly sea surface temperature 
(SST) maps. The fronts along the cruise track have been delineated.  
a, February 2011; b, February 2010. 

situ measurements we utilized satellite-derived sea-level 
anomaly (SLA) maps overlaid by the geostrophic veloci-
ties to show the presence of eddies along the cruise track. 
Geostrophic velocities were downloaded from AVISO 
(http://www.aviso.oceanobs.com/duacs/). Satellite alti-
meter SLA data were obtained from AVISO on a 1/3 
Mercator grid at 7 day intervals24. Contour maps of dyna-
mic height were prepared using the SLA data. From the 
maps, dynamic heights > 20 cm were considered as anti-
cyclonic eddies and those < –20 cm corresponded with 
cyclonic eddies. The eddies observed in the study area 
were visually tracked in order to have an understanding 
of their time and location of evolution. They were tracked 
for a period of eight months in the time span ranging 
from October 2010 to May 2011. The position of the 
eddy cores was identified from the weekly maps and then 
the track followed by them was plotted. EKE was calcu-
lated by using the formula 
 

 2 21EKE ( ),
2

u v   

 
where u and v are the zonal and meridional geostrophic 
current anomaly components respectively. Geostrophic 
velocity anomalies were calculated using the SLA data as 
follows25 
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where g is the acceleration due to gravity and f is the 
Coriolis force. 
 The sea-surface temperature (SST) data for February 
2010 and 2011 were obtained from the Advanced Micro-
wave Scanning Radiometer for the Earth Observing System 
(AMSRE) version-5 dataset. Maps of Absolute Dynamic 
Topography (MADT) from CLS/Archiving, Validation 
and Interpretation of Satellite Oceanographic (AVISO) 
data was also used to identify the fronts in the study re-
gion. Ocean Surface Current Analysis–Realtime 
(OSCAR; http://www.oscar.noaa.gov) data were used to 
plot surface ocean currents26. The SAM monthly climate 
mode indices are from the NOAA Climate Prediction 
Center website (http://www.esrl.noaa.gov/psd/data/cli-
mateindices/list). 

Results and discussion 

Figure 1 a and b shows the AMSRE monthly averaged 
SST during February 2011 and 2010. It is clear from the 
figure that generally in the SO, the temperature gradually 
decreases southward and at the frontal locations there is a 
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Figure 2. Vertical section of temperature and salinity in (a, b) 2011 and (c, d) 2010. 
 

 

 
 

Figure 3. Sea-level anomalies overlaid by the geostrophic velocities over the study area during (a) 2011 and (b) 2010. 
 
 
sudden decrease in temperature27. The Agulhas Return 
Front (ARF), Southern Subtropical Front (SSTF), and 
Subantarctic Front (SAF) are deemed as regions where 
SST decreases suddenly from 19C to17C, 17C to 11C 
and 11C to 9C respectively28–30. These fronts are high-
lighted in the Figure 1. From the satellite maps of SST it 
is clear that the SSTF in 2011 is a narrower front com-
pared to that in 2010. It has been noted in earlier studies 

that in the western Indian sector of SO, the ARF, SSTF 
and SAF1 are merged as a single front30,31. The thermoha-
line section shown in Figure 2 suggests that during 2011, 
the section of temperature (Figure 2 a) and salinity (Fig-
ure 2 b) is characterized by troughs and ridges. However, 
during 2010 (Figure 2 c and d) no such features were obser-
ved, except for one at 41S where the isotherm shoaling 
was noticed, but this was limited to the subsurface levels. 
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It can also be noted that the undulation in isolines of tem-
perature and salinity during 2011 reached up to 1000 m. 
These undulations were clearly evident in the 11C iso-
therm that shoaled from 600 to 700 m depth at 40.5S to 
about 300 m at 42S. During 2010, the surface tempera-
ture gradually decreased from 20C at 36S to about 
11C at 46S (Figure 2 c). Salinity varied from 35.4 at 
37S to 33.8 at 46S (Figure 2 d). This gradual variation 
is in contrast with the north–south variability during 
2011, where low SST (17C) is noted at 42S and again 
higher SST (18C) is noted further south at 44S. The 
undulations (troughs and ridges) noted in the thermoha-
line sections are due to the vertical water column move-
ments. These movements can be associated with Ekman 
pumping or presence of eddies across the cruise track. To 
understand the role of eddies along the cruise track, we 
will further analyse the SLA plots during February 2011 
and 2010. 
 Figure 3 a and b shows the SLA plots overlaid by the 
geostrophic velocities during February 2011 and 2010  
respectively. The satellite SLA for the observation period 
of 2011 (Figure 3 a) is characterized by two cyclonic 
(characterized by negative SLA) and one anticyclonic 
(characterized by positive SLA) circulation pattern cen-
tred at 39S, 42S and 44S respectively, which coincides 
with the locations of the troughs/ridges in the temperature 
and salinity sections (Figure 2 a and b). However, the 
Ekman pumping derived from the ASCAT wind stress 
curl does not show any correlation with the undulation in 
the thermohaline section (figure not shown). Hence, it is 
apparent that the troughs and ridges in the thermohaline 
structure are the manifestations of cyclonic and anti-
cyclonic eddies. We name these eddies as CE1, CE2 and 
AC1 located respectively at 39S, 42S and 44S. The 
hydrographic transect occupied during the survey passes 
through the centre of CE2 and along edges of CE1 and 
AC1. The trajectories of the three eddies have been stud-
ied for a period of eight months from October 2010 to 
May 2011 (Figure 4). The cold core eddy CE1 developed 
in the study area on 17 November 2010. This eddy 
propagated in a southwesterly direction and was seen at 
the station location on 2 February 2011, after which it 
moved westwards. The second cold core eddy CE2 was 
located at 43S 57E on 6 October 2010. CE2 propagated 
in a northerly direction until 15 December 2010, after 
which it turned eastward and persisted at the station loca-
tion for a period of almost 20 days and eventually moved 
westwards. After 2 March 2011, it was observed that CE2 
turned eastward. The warm core eddy AC1 observed at 
station location 44S moved in a southwesterly direction 
from October 2010. From the track followed by AC1 it is 
evident that this eddy was present near the station loca-
tion for approximately 8 months. Thus except for CE1, 
CE2 and AC1 persisted at the station location for at least 
about 8 months. The track of eddies identified by the vis-
ual observations is highlighted in Figure 4. One can also 

notice from Figure 3 b that during February 2010, there 
were no eddies across the cruise track. 
 To further understand the vertical thermohaline struc-
ture of eddies noted during February 2011, we plotted the  
profiles of temperature, salinity and density at the eddy 
stations (Figure 5 a–c). One of the evident features in the 
profiles is the fresher and colder water column at the cyc-
lonic eddy observed at 42S. The profile was character-
ized by well-developed subsurface temperature minimum 
layer capped in the upper 100 m by a relatively warm and 
fresh surface layer. On the other hand, at the anticyclonic 
eddies the water column was warmer and saltier than the 
cyclonic eddies. The eddies appear to be density compen-
sated below 200 m. 
 The water mass analysis using the temperature–salinity 
(T–S) plots (Figure 6 a and b) during 2011 and 2010 
showed different water masses in the region. The major 
water masses in the upper 1000 m noted in the region are 
Subtropical Surface Waters (STSW), Subantarctic Surface 
Waters (SASW) and Subtropical Mode Waters (STMW). 
The STSW originates between 29S and the Subtropical 
front at about 40S (ref. 32). The Subtropical front is the 
boundary between the warmer and higher, saline STSW 
and cooler, fresher SASW. STSW is defined by tempera-
ture range 15–24C and salinity range 35.50–34.60 (ref. 
33), and in the Crozet Basin it is characterized by rela-
tively high temperature and salinity (> 12C, > 35.1)13. 
SASW is defined by the characteristics temperature of  
 
 

 
 

Figure 4. Eddy trajectory showing the movement of the three eddies 
identified in the study location, CE1 (blue triangle), CE2 (red circle) 
and AC1 (black square). The black dotted line shows the cruise track 
along which observations have been carried out. 
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Figure 5. Profiles of (a) temperature, (b) salinity and (c) density at the eddy location during the 2011 expedition. 
 
 

 
 

Figure 6. Water masses seen along the cruise track: (a) 2011; (b) 2010. 
 
 
around 9C and salinity < 34. STMW is usually identified 
in the temperature range 11–14C and salinity range 35–
35.4. In the present study, the characteristics of STSW pro-
vided by Park et al.13 have been considered because the 
study area is close to the Crozet Basin. T–S plots for sta-
tion locations during 2011 show the presence of STSW 
up to 44S (Figure 6 a), but the presence of this water 
mass was not noticed at 42S, where a shoaling of the 
isolines was noticed in the thermohaline structure. The 
surface waters at 42S showed neither T–S characteristic 
of STSW nor SASW. Studies along the southwest Indian 
ridge have shown that surface waters in the eddy regions 
often get modified either due to air–sea interactions at 
those latitudes or due to the injection of surface waters 
from different locations34. T–S plots for 2010 revealed 
characteristics of STSW up to 42S (Figure 6 b). At 44S, 
where signatures of STSW were noticed during 2011, 
temperature was in the range 2.5–12C and salinity in the 
range 34–34.5. Thus, it is apparent that during 2011 the 

southward extent of the STSW was till 44S, whereas 
during 2010 STSW was confined only to the source  
region. The increased southward presence of STSW  
during February 2011 compared to that of 2010 can be 
mediated by eddies in the region. 
 The eddies noted in the study area are associated with 
highly dynamic ARC flowing from the southern tip of 
Africa to the east up to 80E (ref. 35, 36). This is a part 
of the Agulhas Current which loops and returns eastward 
off the coast of southern Africa. This current flows parallel 
or is juxtaposed to the Subtropical front37. Due to the 
presence of ARC which is dynamically unstable, STF in 
the SO is characterized by high mesoscale turbulence33. 
Figure 7 a and b shows the EKE distribution during  
February 2011 and 2010 respectively. The most evident 
feature in the figure is the high EKE patch and its south-
ward meandering noted east of 50E. Figure 7 c and d 
shows the OSCAR currents during 2011 and 2010 respec-
tively. From the figure it is clear that the high EKE patch
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Figure 7. Eddy kinetic energy (EKE) maps over the study area during February (a) 2011 and (b) 2010. 
OSCAR currents over the study area during February (c) 2011 and (d) 2010. 

 
 

 
 

Figure 8. Maps of Absolute Dynamic Topography profiles showing 
the frontal extend during 2011 and 2010. 
 
 
is associated with the ARC. Previous studies29,30 sug-
gested that according to the meandering of the ARC, the 
fronts shift southward and hence the presence of STSW 
can be noted further south. The meandering of the ARC is 
mainly attributed to the presence of bottom topographic 
features38. The presence of southward extension of STSW 
during February 2011 can be attributed to the southward 
meandering of the ARC. As the ARC passes from shal-
low topographic features in the west to deep ocean bot-
tom eastern region to maintain the potential vorticity, the 
current meanders southward. However, satellite-derived 

frontal location based on satellite SST averaged over  
February 2010 and 2011 along 57.5E clearly suggests 
that the SSTF location is slightly different between Feb-
ruary 2010 and 2011 (Figure 8). These observations  
invite a detailed interpretation of the presence of STSW 
further south during 2011. 
 It is clear from the satellite pictures that the large-scale 
circulation pattern and frontal locations are different dur-
ing February 2011 and 2010. It indicates that meandering 
of the ARC and individual eddies which are pinched off 
from the core of the ARC can transport STSW further 
southward. The presence of eddies is evident from the 
undulations of isotherms during the cruises. The station 
locations are on the eastward edge of CE1, at the centre 
of CE2 and at the westward edge of the anticyclonic eddy 
AC1. Eastward and westward edges of the cyclonic and 
anticyclonic eddies respectively, are characterized by 
southward flow that transports the warm high saline sub-
tropical surface waters to the south. T–S plots for the  
station locations (Figure 6 a) reveal that along the periph-
eries of the eddies water mass characteristics are intact, 
whereas in the interior of the eddies the water mass chara-
cteristics are modified. This shows that peripheries of the 
eddies promote unaltered southward transport of the 
STSW (Figure 9). At the centre of the cyclonic eddy,  
water masses are modified as seen in the T–S plots from the 
stations (Figure 6 a). STSW could not be traced south of 
45S. Also, 45S was characterized by sharp gradients in 
temperature and salinity, marking the SAF. When STSW 
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reached 45S, it might have either subducted or trans-
ported eastward by the ACC. During 2010, even though  
the meandering of the ARC was not significantly differ-
ent, the absence of eddies (Figure 3 b) along the hydro-
graphic transect could have reduced the southward 
transport of the STSW. We do not notice this transport  
for deeper water masses. Evolution of eddies encountered 
during 2011 showed they are persistent features of the  
region at least for 8 months. Persistence of these eddies 
for about 8 months indicates a large transport of STSW 
towards SAF. When compared to 2010, 2011 was charac-
terized by more eddies. This, however, could be a chance 
occurrence, since our survey was one time spot measure-
ments and may not reflect the large-scale interannual 
variability of eddy characteristics in the region. 
 An estimate of the eddy-induced transport was carried 
out by noting the width of the maximum transport along 
the southward flowing limb of the AC1 and average  
velocity along that width. This was then multiplied with 
the depth of mixed layer in which the STSW can be 
found. The estimated amount is close to about 0.44 Sv 
towards the SAF. Persistence of these eddies for about 8 
months indicates a large transport of STSW towards SAF 
during years of increased EKE. The negative trend of  
v component of geostrophic velocity (vgeo; Figure 10 a) 
obtained in the present study implies an increase in south-
ward movement of the water masses. A coarse-resolution 
climate modelling study39 has demonstrated that enhanced 
 
 

 
 

Figure 9. Schematic diagram showing the path of subtropical surface 
water (thick orange line) facilitated by the eddies present. 

mesoscale eddy activity, following an increase in the 
wind stress, increases the poleward heat transport. Our 
analysis also supports these observations by the more 
southerly presence of STSW in 2011. 
 In order to gain insight into this interannual variability 
and to investigate whether one time measurements reflect 
large-scale processes, we computed the EKE averaged 
over a box (40–80E, 35–45S) in the Indian sector of the 
SO (Figure 10 b). EKE is characterized by an increasing 
trend with a biennial variability. It is evident from the 
plot that EKE was low during 2010 and reached a maxi-
mum during 2011. Thus the difference in the number of 
eddies we noted during 2010 and 2011 is a basin wide 
characteristic. Hence large-scale processes may be involved 
in the realization of observed variability in the thermo-
haline structure and water masses. 
 In SO, interannual variability in EKE may result from 
changes in SAM. In an analysis of oceanic EKE and 
changes in SAM2, it was observed that EKE and SAM are 
characterized by a 2–3 year lag, especially for the Indian 
Ocean sector. In our case the lag is ~ 1 year, somewhat 
faster than expected (Figure 10 c). To explore the EKE–
SAM relationship an eddy-resolving quasi-geostrophic 
model was also used2. The model results varied under  
different scenarios. For standard perturbation of a wind 
stress of ~ 0.21 Nm–2, the lag in peak kinetic energy was 
1.2–2 years, whereas for a strong perturbation with a 
wind stress of ~ 0.25 Nm–2, the lag was found to be ~ 1 
year. Thus the fast response we observed could be due to 
a strong perturbation in the wind fields. This increase in 
EKE was associated with the increase in the circumpolar 
wind stress and the lag is due to the time taken to influ-
ence the circulation in the deep ocean2. Thus the observed 
interannual variability in the thermohaline structure and 
the water mass is a result of large-scale variability arising 
from changes in annular mode. 

Conclusions 

Data obtained from expendable probes and CTD during 
the expedition to SO along 5730E during the austral 
summer 2010 and 2011 were analysed. The analysis  
revealed that the year-to-year variability in the hydro-
graphic structure was due to the presence of eddies. 
Troughs and ridges of isotherms and isohalines were 
dominant in the vertical section of temperature and salin-
ity during 2011. SSHA data clearly indicated the presence 
of cyclonic and anti-cyclonic eddies along the cruise 
track. The eddies present in the study area transported 
STSW southward by means of the enhanced meridional 
velocities along the peripheries of the eddies. Absence of 
eddies during 2010 restricted the southward transport of 
STSW to the region of its origin. Signatures of STSW 
south of 45S were not clear. STSW might have either 
subducted or transported eastward along the SAF. Analysis
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Figure 10. The variation of (a) v component of geostrophic velocity (vgeo); (b) Eddy kinetic  
energy; (c) Southern annual mode index. 

 
of EKE shows that it peaks a year after the peak value in 
the SAM, suggesting the role of large-scale variability in 
controlling the EKE. Positive linear trend in the EKE 
suggests more southward transport of subtropical water 
masses which will have implications on the SO vertical 
mixing, air–sea interaction, sea-ice and water mass forma-
tion. 
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