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Abstract

High resoultion Eulerian mean velocity field has been derived by combining the satellite tracked surface drifter
data with satellite altimetry and ocean surface winds. The drifter data used in this study includes Argos and
surface drifter data from Global Drifter Program. Maps of Sea Level Anomaly (MSLA) weekly files with a resolution
of (1/3)° in both Latitude and Longitude for the period 1993-2012 have been used. The Ekman current is
computed using ocean surface mean wind fields from scatterometers onboard ERS 1/2, Quikscat and ASCAT. The
derived mean velocity field exhibits the broad flow of Antarctic Circumpolar Current with speeds up to 0.6 m/s.
Anomalous field is quite significant in the western part between 20° and 40°E and in the eastern part between 80°E
and 100°E with velocity anomaly up to 0.3 m/s. The estimated mean flow pattern well agrees with the dynamic
topography derived from in-situ observations. Also, the derived velocity field is consistent with the ir-situ ADCP
current measurements. Eddy kinetic energy illustrates an increasing trend during 1993-2008 and is in phase
coherence with the Southern Annular Mode by three month lag. Periodic modulations are found in the eddy
kinetic energy due the low frequency Antarctic Circumpolar Wave propagation.
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1 Introduction

Over the past two decades, the Southern (Antarctic) Ocean
has received much attention as it is playing a crucial role in the
global climate system. The circulation of the Antarctic Ocean is
mainly comprised of the broad eastward flowing Antarctic Cir-
cumpolar Current (ACC) which connects the three major Oceans
(Atlantic, Indian and Pacific oceans) and serves as a principal
pathway of exchange between these basins and controls the dis-
tribution of heat, salt, momentum and nutrients. Hence, the
changes occurring in any part of the ocean due to climate forcing
are transmitted around the globe through the circumpolar cur-
rent.

The ACC consists of a number of relatively narrow and deep
reaching jets associated with the baroclinic shear (Nowlin and
Klinck, 1986) and flows between 45° and 55°S, zonally uninter-
rupted (Orsi et al., 1995). It is also composed of a series of hydro-
graphic fronts with strong horizontal gradients in potential tem-
perature, salinity and density, implying intense geostrophic cur-
rents (Deacon, 1937; Nowlin et al., 1977; Belkin and Gordon,
1996; Moore et al., 1999). North of ACC is the subtropical Conver-

*Corresponding author, E-mail: bennynpeter@gmail.com

gence or Subtropical Front (STF), usually found between 35° and
40°S. Three fronts and three zones south of STF and associated
with the ACC are, from north to south; the Subantarctic Zone
(SAZ), the Subantarctic Front (SAF), the Polar Frontal Zone
(PFZ), the Polar Front (PF), the Antarctic Zone (AZ), and the
Southern ACC Front associated with the southern boundary
between the ACC and subpolar regime (Orsi et al., 1995).

ACC transports more water than any other current in the
ocean (Klinck and Nowland, 2001) and the average transport is
about 135x106 m3/s. Several researchers have estimated the
transport (e.g., Nowlin et al., 1977; Bryden and Pillsbury, 1977;
Peterson, 1988) of ACC using hydrographic data and direct cur-
rent measurements. The ACC transport vary in response to
changes in the Southern Annular Mode (SAM) (Thompson and
Wallace, 2000) and are found to be correlated with the SAM down
to seasonal time scales (Meredith et al., 2004; Meredith et al.,
2011).

The Antarctic Ocean ventilates the largest volume of the
ocean interior (Ganachaud and Wunsch, 2000), and is the
primary conduit of exchange between the three major ocean
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basins (Lumpkin and Speer, 2007). Recent developments suggest
that mesoscale eddies playing a prominent role in the dynamics
of the Antarctic Ocean (Ito et al., 2010; Hallberg and Gnanadesik-
an, 2006; Boning et al., 2008).

The satellite data analysis has revealed the presence of the
Antarctic Circumpolar wave (ACW), which propagates eastward
with the ACC, at a slower rate than the mean flow. The presence
of this circumpolar wave has been detected in atmospheric tem-
perature (AT), sea surface temperature (SST), seaice, sealevel
pressure (SLP) and mean wind stress (White and Peterson, 1996;
Peterson and White, 1998; Cai and Baines, 2001; Park et al., 2004).
Though the ACW is closely linked with the ACC, the circumpolar
nature of the ACW is not yet clear. Jin (1997) pointed out that the
ACW s a result of coupled instability of the ACC and overlying at-
mosphere. A clear eastward propagation of the ACW was found
during the period 1985-1995 (Connolly, 2003).

The ACW encircles the earth every eight to nine years (White
and Peterson, 1996). It has a long wave length (wave number
equals 2) resulting in two crests and two troughs at any given
time. The troughs and crests are associated with massive patches
or pools of warm and cold waters respectively. The warm patches
are 2 to 3°C warmer than the mean surface temperature (SST)
and cold patches are 2 to 3°C colder than the mean SST (White
and Peterson, 1996) and directly influence the temperature of the
overlying atmosphere. Using a coupled atmosphere and ocean
model, Christoph et al. (1998) found that wavenumber 3 is the
dominant pattern around the Antarctic, while the wavenumber 2
pattern occurs only in about 20% of the cases. The wavenumber 3
pattern was also identified as the dominant pattern in other mod-
els (e.g., Cai et al., 1999). Other analyses indicate that the ACW
might have inter-decadal variations (Connolley, 2003; Venegas,
2003).

Among the three major oceans, the Indian Ocean is not ex-
tended to the higher latitudes of northern hemisphere whereas, it
has a wide opening to the Antarctic Ocean and also connected to
the Pacific Ocean through the narrow Indonesian Passage in the
tropics. Hence, the oceanic and atmospheric circulation of the
Indian Ocean is significantly influenced by the Antarctic Ocean.
The deep circulation as well as the water characteristics of the In-
dian Ocean much depends on the processes taking place in the
circumpolar region and the intrusion of thermocline waters
through the Indonesian Throughflow (Gordon, 1986). Jacobs and
Georgi (1977), Sharma and Peter (1990), and Benny and Sharma
(1992) discussed the circulation and transports of Indian sector
of Antarctic Ocean from hydrographic observations. The inter-
oceanic exchanges of heat and fresh water between Indian and
Antarctic oceans were given by Georgi and Toole (1982). Park et
al., (1991) carried out a detailed hydrographic survey in the vicin-
ity of Crozet-Kerguelen Islands. Swart et al. (2008) have determ-
ined the ACC transport south of Africa and Rintoul et al. (2002)
have estimated it for south of Australia.

Climate forcing analysis shows no significant influence of EN-
SO in the Indian sector. SAM explains up to 20% of the high fre-
quency movement of the Subantarctic Front (SAF) and Polar
Front (PF). High frequency positive SAM events are associated
with a southward meandering of the fronts (Sallée et al., 2008).
Sea level variability with spatial scale of 1 000 km and time scales
of 20 days to one year has been found in South Indian Basin
(Fukumori et al., 1998; Fu, 2003). A positive correlation exists
between ACC fronts location and zero wind stress curl in the
southern Indian Ocean (Sallée et al., 2008). A coherence analysis

by Dong et al. (2006) suggests that meridional shifts of the PF cor-
respond to the meridional shifts of the wind field.

The surface circulation of Southern Ocean and associated
processes are influenced by the high frequency variations (SAM)
and low frequency climate modes. The generation of mesosacle
eddies and an associated kinetic energy transfer is essentially
controlling the air-sea exchanges and climate variability. In or-
der to understand these mesoscale processes a fine resolution
surface velocity field is crucial. Hence, the focus of this paper is to
derive a high resolution ((1/3)°x(1/3)°) mean surface velocity
field of the Southern Indian Ocean and to identify the mesoscale
features of surface circulation and its variability using remote
sensing observations. The rest of this paper is organised as fol-
lows: Section 2 describes the data and method, Section 3 dis-
cusses the surface circulation, Section 4 explains the Eddy Kinet-
ic Energy (EKE) distribution and conclusions are given in Sec-
tion 5.

2 Data and methods

2.1 Data used

We used satellite altimetry, satellite tracked surface drifter ob-
servations, ocean surface wind observations, Acoustic Doppler
Current Profiler (ADCP) observations and hydrographic data.
The study area is confined between 20°-120°E and 30°-70°S. The
satellite altimeter data used in this study are delayed mode, “Ref”
Maps of Sea Level Anomaly (MSLA) produced by the Collect Loc-
alisation Satellites (CLS), France (http://www.aviso.
altimetry.fr/). The Maps of Sea Level Anomaly were obtained by
merging JASON/ TOPEX/POSEIDON and European Remote
Sensing Satellites ERS / Envisat data using optimum interpola-
tion (AVISO, 1997). The data set is in weekly format on a (1/3)°x
(1/3)° Mercator grid and covers the period 1993-2012.

The surface drifter data used in this study is from the Global
Drifter Program (Surface Velocity Program), with the positions of
freely drifting buoys located using the ARGOS satellite system.
The distribution of drifter tracks (Fig. 1) enables reliable estimate
of the velocity field up to 60°S. Data used were quality controlled
and optimally interpolated to uniform six-hour interval trajector-
ies using the drifters’ position data. This data set is compiled and
maintained by the Drifter Data Centre at the Atlantic Oceano-
graphic and Meteorological Laboratory of the National Oceanic
and Atmospheric Administration, USA (http://www.aoml.
noaa.govy/).

The weekly ocean surface mean wind fields (0.5°x0.5° resolu-
tion) produced by the Centre ERS d’Archivage et de Traitement
(French) (CERSAT) (http://cersat.ifremer.fr/) at the French Re-
search Institute for Exploration of the Sea (IFREMER) have also
been used to separate the wind-driven component from the drift-
er velocity. The product is derived from the measurements with
scatterometers on board the European Space Agency satellites on
ERS 1/2 (1993-1999), QuikSCAT (2000-2009) and ASCAT
(2010-2012).

The best copy dataset of salinity-temperature profiles of
Global Temperature-Salinity Profile Program, obtained from Na-
tional Oceanographic Data Centre have also been used to de-
termine the dynamic topography.

2.2 Method

The surface drifter and altimeter data have been combined to
estimate the mean surface velocity (Uchida and Imawaki, 2003;
Benny et al., 2014) in this study. At a location x and time ¢, the
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Fig. 1. Available Drifter data tracks during 1993-2012 (upper panel) and drifter data density distriburtion (1993-2012)

(lower panel).

instantaneous geostrophic velocity Vg(x, 1) can be represented
as

Vg(xrt) = Vmg(x) + Vg, (xvt) ) (1)

where V,,,(x) is the mean geostrophic velocity, Vg (x, 1) is the geo-
strophic velocity anomaly, i.e.,

Vmg(x) :Vg(x,t)—Vg’(x,t). (2)

The instantaneous geostrophic velocity can be derived from
the drifter observations and the altimeter sea level anomalies
provide the anomaly field. Hence, the mean velocity is calcu-
lated by subtracting the altimeter derived geostrophic velocity
anomaly from the drifter-derived geostrophic velocity measured
at the same time and location. This method estimates almost un-
biased Eulerian mean velocities which are free from the sampling
tendency of the drifters. Thus, the unknown mean velocity can be
estimated for the grid box where a drifter had passed. The aver-

age of the calculated mean velocities in each grid, <V,,,, (x)> gives
amore accurate estimate by reducing the estimation error. In this
study, we have estimated mean velocities at locations, wherever
five or more drifter observations are available.

The components of geostrophic velocity anomaly have been
computed from altimeter sea level anomaly data using the con-
ventional geostrophic relation.

. oh
W=-25 ©
. goh

To remove high frequency fluctuations, the drifter trajector-
ies have been low-pass filtered by a 60-h running mean. Then,
the drifter data has been gridded into (1/3)°x(1/3)° latitudexlon-
gitude boxes of altimeter observations. The surface velocity has
been estimated from the drifter position data in each grid. The
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wind-produced slip has been corrected employing the relation
given by Niiler and Paduan (1995). An additional correction has
been made for drifters which had lost its drogues during its tra-
verse, using the empirical relation given by Pazan and Niiler
(2001). The Ekman velocity has been estimated employing the
Ralph and Niiler (1999) model as

Ve=A-[f|" wexp(i-0), )

where Vi = Ug + iV, is the Ekman current at 15 m depth,
A=7x10"7 s71/2, fis the coriolis parameter, W is the wind speed,
exp (i-6) (=+54) represents the rotation of the Ekman current to
the right (left) of the wind vector in the northern (southern)
hemisphere.

The geostrophic velocity component has been separated from
the drifter velocity by subtracting the Ekman component. The
time series maps of instantaneous geostrophic velocity field can
be obtained by combining the weekly/monthly maps of sea level
anomaly with the estimated mean velocity field.

The mesoscale variability is analysed by determining the
Eddy Kinetic Energy (EKE) from the anomalous velocity filed.
The EKE is estimated using the components of geostrophic velo-
city anomaly as

EKE = 1/2 [(u’)2 + (v’)2] . (6)
3 Surface circulation

3.1 Mean velocity field

The mean velocity field (Fig. 2a) estimated by combining the
satellite altimetry and drifter observations well illustrates the sur-
face circulation pattern of the Southern Indian Ocean. The east-
ward flowing ACC is located between 45° and 60°S with speeds
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mostly below 0.5 m/s. Slight increase in speed (up to 0.75 m/s) is
found between 80° and 100°E, where the component of Agulhas
Return Current (ARC) merges with the ACC. The south westward
flowing Agulhas Current retroflects when it reaches the southern
tip of Africa, one part continues to the Atlantic and the rest flow
south eastward as ARC. Agulhas Current and its Return Current
are visible with high speeds and embedded with eddies and me-
anders in the mean velocity field. The axis of ARC is inclined west
to southeast and it merges with the ACC at around 80°E. The con-
fluence of ACC with ARC enhances the circumpolar flow between
80° and 120°E and the ACC is wider compared to the western
part. The ARC is between 39° and 41°S at 20°E and is meandering
equatorward up to 37°S at 40°E.

The flow pattern obtained is in good agreement with the Hy-
drographic Atlas of the Southern Ocean (HASO) (Olbers et al.,
1992) and the average surface velocity field from the Fine Resolu-
tion Antarctic Model (FARM) Atlas (Webb et al., 1991). The Agul-
has and ARC are visible with high velocities and the ACC shows
multicore structure associated with the fronts and filaments (Fig.
2b). Based on year-long observations Lutjeharms and Valentine
(1984) confirmed that the mean location of the STF as 42°S and
ARF (Agulhas Return Front) is between 39° and 40°S in the South-
ern Indian Ocean.

Previous studies (Read and Pollard, 1993; Orsi et al., 1995)
have found SAF and PF merged into a single frontal structure
south of Africa. But, Belkin and Gordon (1996) suggest that SAF is
a separate feature. Our results do not show individual frontal
structure of SAF and PF in the flow field south of Africa at 20°E,
but it is evident at 30°E as two cores along 48° and 52°S with
speeds 0.40 m/s. The SAF is not clearly identified in FARM Atlas
south of Africa (Sparrow et al., 1996) whereas several small, jet
like structures are displayed between 50° and 60°S as in our flow
pattern at 20°E. Our map also suggests that the SAF is merging
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Fig. 2. Mean velocity field estimated by combining satellite altimetry and surface drifter data (m/s) (a), detailed view of mean

currents at different longitudes (b)(color represents speed ,m/s), averages of altimeter derived velocity anomalies used for mean
field estimation (m/s) (c), and simple averages of drifter derived geostrophic velocity field (m/s) (d).
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with the ARF/STF between 50° and 60°E, upstream of Kerguelen
Plateau and is flowing as a strong single band with speed around
0.5 m/s. In HASO the SAF have merged with the ARF/STF at 40°E
and in FARM it is at 41.4°E. The merging of flow cores is com-
mencing around 40°E but is well defined only from 50°E east-
ward in our results. The gap between the current cores decreases
from 40°E and it became as a single band by 50°E. The flow core
associated with PF is also slightly weakened in the longitudinal
band 35°-45°E. The southern Jet flow that found around 62°S in
FARM and 58°S in HASO respectively is identified around
58°-60°S between 40° and 60°E bands in our map.

In the longitudinal band 50°-60°E, the current cores are
slightly shifted southward. The confluence of ARC/STF/SAF is at
around 45°S, marked with maximum velocity of 0.5 m/s and the
PF core is around 52°S and the southern core is more southward
at around 60°S. Park et al. (1993) found that ACC core forms a
concentrated jet embedded within a narrow band of the frontal
zone, formed by the confluence of STF and SAFs. The confluence
results from the northward deflection of the ACC as it crosses
Crozet Plateau and the subsequent merging with the ARC. He de-
rived current velocities up to 0.95 m/s from in-situ measure-
ments. In the vicinity of the fronts, eastward jets flow approxim-
ately two to three times the speed of the current found between
them (Klinck and Nowland, 2001).

Along 60°E, the flow pattern shows almost uniform (0.4 m/s)
strong current between 40° and 60°S except a weak field around
50°S upstream of Kerguelen Plateau. Between 60° and 80°E the
ACC have the maximum surface speeds up to 0.8 m/s. Homogen-
eous current pattern with respect to latitude is again found at 90°
E with less number of current cores. But, many cores appear in
the longitudinal band 100°-110°E. More or less latitudinal homo-
geneity is again attained along 120°E, south of Australia.

The anomaly field (Fig. 2c) shows large velocity variations
along the ARC region and between 80° and 100°E, where, the an-
omaly is up to 0.3 m/s. Significant variance is also observed
between 20° and 40°E and the anomaly field is weak between 40°
and 80°E in the Antarctic Zone. The large variance in the Antarc-
tic Zone in the eastern region is related to the changes in the
ARC.

The absolute current field obtained from the drifter (Fig. 2d)
shows strong Agulhas Current and its return flow (up to 2 m/s).

20° 40° 60°

807

The circumpolar current is also strong and its main core is
around 50°S at 20°E, but is slightly shifted towards south at 80°E
and towards north in the eastern part. Only a minor part of the
ARC is turning to subtropical gyre while major part is contribut-
ing to the circumpolar flow.

3.2 Mean dynamic topography

The mean velocity field estimated by combining the satellite
altimetry and drifter observations is compared with the dynamic
topography estimated from hydrographic data with reference to
1 000x10* Pa. The dynamic topography shows a close similarity
with the mean velocity field (Fig. 3). The gradient of steric height
clearly depicts the circumpolar flow features. High anomaly
around 80°E is visible with high speeds in the velocity map. Also
the strong gradient around 50°S along 20°E coincides with the
core of the ACC.

3.3 In-situ ADCP observations and derived velocity filed

We have made visual comparison of the derived velocity by
combining surface drifter and altimeter observations with 77-sizu
ADCP observations collected during WOCE period (Cruise No.
0179). The ADCP observations used are along two longitudinal
tracks between 80°-120°E and 30°-60°S, the left track covered in
December 1994 and the right one in January 1995 (Fig. 4). The
absolute velocity field corresponding to the period of ADCP is es-
timated and compared. The overall flow pattern estimated is well
agreeing with in-situ measurements. The major flow of the ACC
is found between 50° and 55°S and the maximum speed of 0.8
m/s is at around 53°S in the ADCP current distribution. The de-
rived velocity field also depicts strong flow of ACC at the same
latitudes with similar speeds. Both velocity fields confirm that
significant flow of ACC is taking place between 42° and 57°S in
this region.

The velocity section at 115°E (right panel) also shows very
similar distribution between observed and estimated fields. The
maximum current speed of 0.8 m/s is at around 48°S in both ob-
served and estimated fields. Notably, the core of the ACC flow is
shifted more into the lower latitudes between 45° and 50°S. But,
significant current flow is occurring between 45° and 60°S. Thus,
the spatial variability of ACC is obvious from the in-situ measure-
ments as well as in the estimated filed.
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0=
S

. ) ‘,’Fi:id_1

Fig. 3. Mean dynamic height distribution with reference to 1 000x10* Pa (dynamic metres).



BENNY N. Peter et al. Acta Oceanol. Sin., 2015, Vol. 34, No. 9, P. 12-22

807 857 007 95

W
Wi

5[]'|

3

55%

60° — e | S

a0° 95°

Fig. 4. Comparison with in-situ ADCP velocity and velocity estimated combining drifter and altimeter observations (m/s).

3.4 Zonal current distribution

In order to understand the seasonal variations of eastward
flowing ACC, the average (1993-2008) zonal velocity component
during January, April, July and October at 20°, 80° and 120°E have
been compared (Fig. 5). The zonal velocity distribution shows no
significant seasonal variation specifically, between 50°S and Ant-
arctica, except at 120°E where slight changes are noticed. At 20°E,
between Africa and Antarctica the zonal current is very stable
compared to the other two sections. Conspicuous seasonal vari-
ability (0.1 m/s) is found at 80°E in the northern part between 40°
and 50°S where the ARC is merging with the Circumpolar Cur-
rent. Seasonal variability is also dominant between 45° and 55°S
along 120°E section between Australia and Antarctica.

Spatial variability of the ACC is obviously visible in the zonal
current distribution. Interestingly, the ACC is more evenly dis-
tributed at 20°E, whereas, at 80° and 120°E an odd pattern with
number of current cores are found. The Agulhas Current shows
westward speed up to 0.6 m/s in January and 0.5 m/s in July and
the current core is almost at the same location at 38°S. The ARC is
around 41°S with the maximum speed in July and the minimum
in October. Between 43° and 55°S the zonal current speed is be-
low 0.25 m/s and two current cores with speeds just above 0.25
m/s are found at 55° and 57°S respectively. Beyond 58°S towards
Antarctica the current speed is decreasing and weak westward
flow is found at the southern end of the section.

Spatial distribution of zonal velocity at 80°E shows significant
deviations from 20°E section. An uneven velocity distribution
with number of flow cores are observed between 40° and 60°S.
The highest velocity core is at around 54°S with speed up to 0.8
m/s without significant seasonal changes. Another core of flow is
at 52°S and has speed above 0.6 m/s. Meanwhile, weak flows pre-
vail around 58° and 49°S, where the zonal speeds are even re-
duced to zero. In the Subantarctic zone the zonal current is weak
(less than 0.3 m/s) except at 44°E, where the current flows at 0.5
m/s. Notably, the zonal current is not showing any significant
seasonal variation at 80°E.

As at 80°E, the zonal current is showing an uneven distribu-
tion with respect to latitude at 120°E. The southern and northern
part of the section illustrates westward flow and between 38°S
and 60°S eastward flow prevails. Multicore flow structure is vis-
ible in the circumpolar flow and the strongest core is at around
51°S, where the speed is 0.5 m/s in April. Slight seasonal vari-
ation is evident in the Antarctic zone in this section.
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Fig. 5. Zonal current speed distribution at 20°E (a), 80°E
(b), and 120°E (c).

The analysis of eastward velocity distribution along various
longitudes reveals the seasonal stability of the ACC. But, the ACC
shows significant deviations in its structure during its zonal tra-
verse in the Indian sector and is related to the bottom topo-
graphy. The seasonal climatology estimated invariably display
the multicore structure of the ACC at different longitudes which
is much stronger in the eastern part of the Indian sector. The
multiple jets observed are a robust characteristic of the ACC and
is found in number of data sets including repeat hydrographic
sections (Sokolov and Rintoul, 2007), repeat acoustic Doppler
Current Profiler transects (Firing et al., 2011), sea surface temper-
ature data (Hughes and Ash, 2001) and dynamic heights derived
from surface drifters (Niiler et al., 2003; Hughes, 2005). The cur-
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rent branches are observed to merge and diverge along the cir-
cumpolar path and vary with time (Rintoul and Naveira Gara-
boto, 2013). Slight seasonal variations found in the eastern part is
related to the seasonal changes of the ARC.

4 Eddy kinetic energy (EKE)

Eddy kinetic energy is calculated using the velocity anomaly
components to determine the mesoscale variability occurring in
the Southern Indian Ocean. The mean (1993-2008) EKE ranges
between 0-0.1 m?/s? and maximum is found along the ARC re-

gion (Fig. 6). Higher EKE is also visible in the Antarctic zone in
the region 20°-40°E and 80°-100°E specifically along 50°S.

The trend of monthly average of EKE of the study region dur-
ing 1993-2008 (Fig. 7) clearly reveals the Semi-annual Antarctic
Oscillation (SAQO) as well as the inter-annual variations. Inter-an-
nual variations in SAO strength represent the dominant mode of
Southern Hemisphere circulation variability (Connolley, 1997);
observation and modelling studies revealed SAO variability on
interannual to decadal time scales (Simmonds and Walland,
1997).
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Fig. 7. Time series of EKE during 1993-2008.

Comparison of EKE distribution with SAM index time series
from Nan and Li (2003) clearly displays a negative correlation,
but, the pattern with 3 months lag (Fig. 8) in EKE shows phase
coherence with SAM index excluding periodic influences from
the low frequency climate modes, specifically during 2000-2001
period. A characteristic time delay is found in the EKE response
to a wind perturbation (Morrow et al., 2010). During positive
SAM period, the mid-latitude high pressure shifts more into the
higher latitudes that strengthen the westerly wind and develops
potential energy anomalies which enhance the northward Ek-
man drift in the circumpolar region. This result in increased Ek-
man convergence in the Subtropics and divergence in the polar
region and this develops large meridional gradients and tilt in the
isopycanls and accelerate the ACC. Thus, the meridional wind

variability is essentially imparting baroclinic instability and the
eddy activities within a reasonable time scale of about three
months.

Overall, a net increasing trend is found in EKE during
1993-2008 period. The increase in EKE trend is in coherence with
the net increase in sea level in the Southern Ocean (Lombard et
al., 2005) and the increased trend in SAM (Thompson and Wal-
lace, 2000). Morrow et al. (2010) shows that even though SAM in-
duces a coherent forcing that is in phase around the circumpolar
band, the ocean’s EKE response is different in each basin as eddy
generation depends on local interactions between wind stress,
topography and mean state. The increase in EKE occur sooner in
the Indo-Pacific and EKE response is largest in the Pacific com-
pared to other sectors of the Antarctic Ocean.
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The monthly trend of EKE shows low during 1998 and high in
2001. Hence, to identify the spatial variation pattern, we have
presented EKE distribution of April (highest peak in 2001) of both
years (Fig. 9). Significant increase in EKE is found along the ARC
region and southwest of Australia in 2001 and rest of the region

shows almost same distribution. The variation in the ARC is due
to the energy transmitted through the Rossby wave activity in the
lower latitudes of south Indian Ocean (Benny and Mizuno, 2000).
The eddy variability southwest of Australia is related to the
Leeuwin Current variations.
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The inter-annual variation of EKE along 52°S between 20° and
120°E in the ACC region during 16 years (1993-2008) is shown in
Fig. 10. The unusual increase at around 9th year (1999-2001)

compared to its mean indicates the influence of ACW. The ACW
propagation in the Indian sector is inferred from Hovmoller plots
of SLA and EKE along 52°S (Fig. 11). The SLA field shows west-
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east propagation signals, which are clearly discernible only in the
region up to 60°E. Three ACW signals during 1994-1995,
2000-2001 and 2004-2005 are found and among which the
strongest one is during 2000-2001. Remarkably, the propagation
is not organised in the eastern part of the Indian Ocean. The un-
organised nature of the ACW propagation in the ice-ocean-atmo-
sphere system of the Indian Ocean sector has been noticed in a
few studies (Nuncio et al., 2011; White and Annis, 2004; Gloersen

0.0160
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and White, 2001). The weakening in eastward propagating anom-
aly may be due to the meandering of ACC and associated surface
current variations and heat fluxes (Nuncio et al., 2011). Earlier
studies (Peterson and White, 1998; White and Annis, 2004) show
that ACW branches northward in the Indian Ocean sector, and
reaches the Indonesian Seas and continues its circuit around the
globe.

The Hovmoller plot of EKE also supports the propagation of
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Fig. 10. Inter-annual variation of EKE along 52°S during 1993-2008.
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ACW during the same periods and strong anomalies observed
during 2000-2001 period. Thus, the abnormal increase in EKE
during 1999-2001 coincides with the propagation of the strongest
ACW during the period. White et al. (1998) describes the ACW as
a self-organisation with-in the global ocean-atmosphere system
that requires the spherical shape of the rotating earth for its
propagation and mean meridional temperature gradient for its
maintenance. There are many theories regarding the origin of
ACW and the 4-5 year periodicity observed in the ACW links it

with ENSO (White and Peterson, 1996; Peterson and White, 1998;
Cai and Baines, 2001; Park et al., 2004). The geostrophic balance
between low and high pressure centres gives rise to
poleward/equatorward flows resulting in the surface atmo-
sphere temperature anomalies, which in turn induces SST anom-
alies by direct warming/cooling as a result of reduced or en-
hanced fluxes (Venegas, 2003).

Thus, the EKE distribution reveals seasonal to inter-annual
variation in the Southern Ocean. Models and observations sug-
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gest that the ACC responds to an increase in wind forcing primar-
ily by increasing EKE rather than increasing transport (Tansley
and Marshall, 2001; Hallberg and Gnanadesikan, 2006; Meredith
and Hogg, 2006; Munday et al., 2013). Stronger wind forcing in-
creases the baroclinicity of the ACC; baroclinic instability then
releases available potential energy and increases the EKE, regain-
ing the pre-perturbation baroclinic state. The degree of topo-
graphic blocking will also influence the eddy kinetic energy and
even relatively small eddies can make up a significant percent-
age of the current’s overall eddy kinetic energy (Knauss, 1996).

5 Conclusions

Combining satellite altimetry and surface drifter observa-
tions the present study brings out mesoscale circulation features
of the Southern Indian Ocean. The mean velocity field obviously
illustrates the ACC, ARC and traces of westward coastal current
near Antarctic Coast. The anomaly field is strong in the ARC re-
gion and in the Antarctic Zone between 80° and 100°E. The ACC
shows significant spatial variation and slight seasonal changes
mainly in the subantarctic region and attains maximum zonal
speed in the central region between 70° and 100°E. The EKE dis-
tribution shows maximum mesoscale variability in the ARC re-
gion and also significant variability between 80° and 100°E in the
Antarctic Zone. The monthly EKE shows an increasing trend in
the Indian Ocean region during 1993-2008 and illustrates a semi-
annual oscillation as well as the modulations by SAM and ACW.
Significant inter-annual variability is occurring mainly along ARC
region and southwest of Australia. An organised propagation of
ACW is clearly visible in the western part of the Indian sector of
the Circumpolar Ocean. The periodic modulation of eddy kinetic
energy in the Southern Indian Ocean is related to the passage of
ACW. The changes in EKE is mostly consistent with SAM index by
three month lag except the years with ACW influence.
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