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Abstract South Indian Ocean eddies (SIDDIES), originating from a high evaporation region in the eastern
Indian Ocean, are investigated by tracking individual eddies from satellite data and co-located Argo floats. A
subsurface-eddy identification method, based on its steric dynamic height anomaly, is devised to assign Argo
profiles to surface eddies (surfSIDDIES) or subsurface eddies (subSIDDIES). These westward-propagating, long-
lived features (>3 months) prevail over a preferential latitudinal band, forming a permanent structure linking
the eastern to the western Indian Ocean, that we call the 'SIDDIES Corridor'. Key features have been revealed in
the mean thermohaline vertical structure of these eddies. Anticyclonic SIDDIES are characterized by positive sub-
surface salinity anomalies, with subSIDDIES not exhibiting negative surface anomalies, as opposed to surfSID-
DIES. Cyclonic subSIDDIES also occur, but their related salinity anomalies are weaker. SubSIDDIES exhibit two
cores of different temperature polarities in their surface and subsurface levels. Cyclonic subSIDDIES have their
cores at around 150-200 m depth along the 25.4-25.8 kg m ™3 potential density layer with anticyclonic subSID-
DIES having their cores at 250-300 m along the 26-26.4 kg m > density layer. The SIDDIES corridor acts as a zonal
pathway for both eddy-types to advect water masses and biogeochemical properties across the basin. This study
provides a new insight on heat/salt fluxes, showing that 58% (32%) of the total heat eddy-flux is ascribed to
cyclonic (anticyclonic) subSIDDIES, respectively, in the eastern South Indian Ocean. Anticyclonic subSIDDIES have
also been found to be the sole high-saline water eddy-conveyor toward the western Indian Ocean.

1. Introduction

Mesoscale eddies are ubiquitous features of the world oceans and play a fundamental role in transferring
physical and biological properties across different spatial and temporal scales (Chaigneau et al.,, 2011; Chelton
et al,, 2011; Dufois et al., 2017; Qiu & Chen, 2005; Zhang et al., 2014, 2015). The paradigm of a mesoscale eddy,
known as a surface-intensified eddy, features the occurrence of maximum geostrophic velocities at the surface.
Other types of eddies in the ocean which have their cores in the subsurface layer, are known as subsurface
eddies or subsurface vortices (Kostianoy & Belkin, 1989; Mcwilliams, 1985). These can further be classified as
subthermocline eddies (STEs), with the core below the thermocline, and intrathermocline eddies (ITEs), with
the core between the seasonal and permanent thermoclines (Barceld-Llull et al., 2017; Li et al., 2017; Nauw
et al., 2006; Pelland et al, 2013; Zhang et al., 2015). The focus of this particular study is on surface and subsur-
face eddies in the Southern Indian ocean without distinguishing between different subsurface eddy-types.

Surface signatures associated with subsurface eddies may be evident in some cases (Li et al., 2017). A pecu-
liarity of subsurface cyclonic (anticyclonic) vortices is bowl (dome)-shaped isopleths in the shallower levels,
and dome (bowl)-shaped isopleths in the deeper levels, with the cyclonic-associated shape termed as”
thinny” by McGillicuddy (2015). These features trap vertically homogeneous water properties (McGillicuddy
et al, 2007) from their area of origin. A key attribute of these eddies is that they are long-lived and hence,
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trapped waters, representative of their formation area, are advected thousands of kilometers away (Nauw
et al., 2006). This process could represent an important contribution to the oceanic heat and salt budgets as
well as transport of biological tracers (Dong et al.,, 2014).

Subsurface eddies have been investigated in different parts of the global oceans, most extensively in the
Pacific (Chaigneau et al., 2011; Collins et al., 2013; Li et al., 2017; Pelland et al., 2013; Thomsen et al., 2016;
Zhang et al,, 2015) and Atlantic (Barceld-Llull et al., 2017; Bower et al., 1997, 2013; McDowell & Rossby, 1978)
Ocean compared to the Indian Ocean (Nauw et al., 2006; Shapiro &Meschanov, 1991). The most studied sub-
surface vortices are the deep, warm and salty Mediterranean water eddies (Meddies) (Bashmachnikov et al.,
2015; Carton et al., 2010; Hebert et al.,, 1990; L'Hégaret et al., 2014) and the California Undercurrent eddies
(Cuddies) (Collins et al., 2013; Garfield et al.,, 1999), both formed owing to baroclinic instabilities of their
respective undercurrents namely the Mediterranean Undercurrent and the California Undercurrent. Another
mechanism is the reduction of potential vorticity in frontal regions associated with opposite-directed winds
on the frontal jet (Thomas, 2008). Three other mechanisms have been deduced from a numerical study of
ITES in the Japan Sea (Hogan & Hurlburt, 2006): 1) subduction of winter surface mixed layer water at frontal
convergence; 2) advection of stratified water capping a pre-existing eddy and; 3) a restratification of the
upper layers in a pre-existing eddy due to solar heating. Lastly, McGillicuddy (2015) has recently proposed
another generation mechanism where eddy-wind interactions drive a local upwelling so intense that it
induces doming of isopycnals in anticyclonic eddies.

In the South Indian Ocean, two anticyclonic subsurface eddies, identified as ITEs, were surveyed southeast
of Madagascar during the Dutch-South African ACSEX programme (Agulhas Current Sources EXperiment)
(Nauw et al., 2006). Characterized by a subsurface maximum in salinity exceeding 35.8 psu, these flat, homo-
geneous water lenses had oxygen-rich cores. Nauw et al. (2006) tracked these anticyclonic eddies back to
their generation area based on their water mass properties, namely, the Subtropical Underwater (STUW).
High evaporation associated with low precipitation in the eastern South Indian Ocean induce an increase in
sea surface salinity. The subsurface eddies appear in this high surface salinity region, which is also an impor-
tant shear zone between the shallow eastward South Indian Ocean Countercurrent (SICC) (Jia et al., 2011a;
Palastanga et al.,, 2007; Siedler et al., 2006) and the underlying westward South Equatorial Current. Owing to
local instabilities between the currents, this highly saline water subducts in deeper layers, hence creating a
subsurface salinity maximum. Interannual modulations of the eddy kinetic energy (EKE) in this zonal band
(15°S-35°S) was shown to result from the variation of large-scale wind forcing by the Southern Annular
Mode (Jia et al.,, 2011b). Anomalous gyre-scale upwelling or downwelling induces slackening or steepening
of the isotherms and thus reduced or enhanced baroclinic instabilities and eddy activities, also at seasonal
time scale (Jia et al., 2011b).

To the best of our knowledge, after the study of Nauw et al. (2006), which reported for the first time the
presence of anticyclonic subsurface vortices in the South Indian Ocean, no other work has explored further
the implications of these features to the Indian Ocean circulation. Some open questions remain: 1) What is
the actual role of subsurface eddies within the context of heat and salt redistribution at mid-depths of the
South Indian Ocean?; and 2) Do subsurface cyclonic eddies also exist in the South Indian Ocean? To answer
these questions, we developed a subsurface eddy-identification method to distinguish between surface
and subsurface eddies from a blended Argo-altimetry analysis. We present a three-dimensional eddy census
and statistical characterization of surface and subsurface eddies in the South Indian Ocean along with the
first climatological estimates of their associated volume, heat and salt transports.

This paper is structured as follows: The data sets, regions of study and subsurface eddy identification
method are detailed in section 2. Section 3 deals with the results and discussion, with a description of sur-
face and subsurface eddy demography and their mean (thermohaline and dynamic) vertical structures in
section 3.1; the characteristics of the vertical structures of the subsurface eddies as well as their pathways in
section 3.2; and their associated heat and freshwater fluxes in section 3.3. Section 4 summarizes the results.

2. Data and Methods

2.1. Eddy Available Potential Energy (EAPE)
The Eddy Available Potential Energy (EAPE) in the ocean is an energy budget, different from the kinetic
energy reservoir, which indicates mesoscale turbulence at depth (Roullet et al., 2014). Analogous to active
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baroclinic instabilities, this data set is based on ~830,000 Argo profiles spanning from 2002 to 2013. Anom-
alies in the vertical isopycnal displacement are used as a proxy to compute the intensity of the mesoscale
subsurface turbulence. A practical method of computing EAPE is:

EapE=— 2 0y Q)
2py

where (' is the vertical isopycnal displacement, p’ the density anomaly associated with this displacement, g
is the gravitational acceleration (9.81 m s~ 2), p, the potential density of seawater (1,024 kg m3) and the
bar referring to a long-term time averaging. However, internal tides and waves, as well as the seasonal mod-
ulation in mixed layer can affect the signal. Consequently, it should be considered in regions remote to
internal tides generation. From the maps shown by Arbic et al. (2012), we can infer that the eastern box is
not influenced by internal tides. Although the western box is found on the southern boundary of internal
tides hotspots (Mascarene Plateau), it is not greatly influenced by these features either. Further details on
this product are provided by Roullet et al. (2014).

A peculiarity of the South Indian Ocean is its level of eddy energy in its eastern basin (Jia et al.,, 2011a), as is
apparent in Figure Ta. An enhanced EAPE signature, as well as EKE, are evident in both the eastern and
western boundary current systems, namely the Leeuwin Current and the South East Madagascar Current. It
should be noted that the EAPE is shown in Figure 1b at 150 m depth, where Nauw et al. (2006) observed
the eddy core of subsurface eddies. The boxes outlined in Figures 1a and 1b indicate the two study regions:
an” eddy generation region” (eastern box at 85°E to 110°E) proposed by Nauw et al. (2006), and an” eddy
arrival region” (western box at 50°E to 75°E), where 2 subsurface eddies have been previously observed
(Nauw et al., 2006), both at a latitude range of 20°S-32°S.

The eastern box encloses the region where subsurface eddies have been shown to be generated via sub-
duction of high saline water. This eddy generation site is collocated with the enhanced signal of EAPE near
100°E, shown within the box in Figure 1b. The western box was based on the observations reported by Pon-
soni et al. (2015, 2016), which suggest that altimeter-detected eddies drive a significant variability of the

e — 1 — 7
45°E 60°E 75°E 90°E 105°E 120°E

c) 24-28°S Section of EAPE

60 70 80 90
Longitude [°E]

100 110 120

150

Figure 1. (a) Mean surface geostrophic eddy kinetic energy (EKE; cm? s~ ?) calculated from 12 years (2002-2013) AVISO data. (b) Mean EAPE (J m ™) at 150 m
depth with two black boxes delineating regions of interest. (c) shows a mean latitudinal (24°S-28°S) vertical section of EAPE across the South Indian Ocean

(40°E to 120°E).
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volume transport carried by the EMC. In accordance with these findings, the western box was located in the
open ocean, before interaction with the EMC, so that the properties of the eddies are captured prior to their
arrival to the western boundary. This western box forms part of an” eddy-corridor” described by Quartly
et al. (2006), and which has been associated with the westward-propagating mesoscale eddies. These
two distinct zones are separated by the low subsurface EAPE signature observed at approximately 78°E
(Figure 1b) and are located well into the open ocean.

2.2. Eddy Tracking Algorithm

In this study, the 4™ release of an existing eddy global data set (Chelton et al., 2011) was used to identify
and study mesoscale eddies in the South Indian Ocean. This data set is established from an automated algo-
rithm which tracks eddies based on daily sea surface height (SSH), as seen from altimetry in the delayed-
time” two-sat merged” product of AVISO. Computed relative to a 20-year altimeter reference period, this
altimeter product was gridded at daily intervals on a 0.25° x 0.25° Cartesian grid.

The eddy data set version used here takes a simple approach based on Williams et al. (2011), by locating
pixels with maximum/minimum SSH and finding the neighbouring pixels of SSH values with decreasing/
increasing thresholds, using a threshold increment of 0.25 cm from —100 cm to +100 cm (Schlax & Chelton,
2016). Five well-defined criteria based on the number of pixels forming an eddy, E, are used to mark the
end of its life. E must be connected by a maximum of 2,000 pixels, with a minimum of 2 interior pixels and
no” holes” in the eddy. No pixel in E can have a neighbouring pixel of another eddy, and the maximum dis-
tance over all pairs of edge pixels in E must be less than 400 km. See Schlax and Chelton (2016) for a
detailed description of approach and criteria.

This data set provides the amplitude, radius, propagation speed, vorticity as well as the start and end loca-
tions of the eddy life. All eddies tracked for less than 4 consecutive weeks were removed from the data set
so as to lessen the probability of false eddies that may come up from SSH fields’ noise. This 4-week lifetime
was chosen as it corresponds to the 35-day e-folding time scale of the Gaussian covariance function, during
the objective analysis procedure which is used to construct SLA fields of AVISO Reference Series (Chelton
etal, 2011).

The eddies in the two regions of study were selected based on two different criteria. In the eastern box,
mesoscale eddies with their genesis occurring within the box were taken into consideration. In the western
box, all eddies passing through it were considered, either locally or remotely generated.

2.3. Argo Float Data

Initially designed for large-scale climate studies (Riser et al., 2016), the international Argo program, which
consists of almost 3,800 autonomous Lagrangian profiling floats in January 2018, has recently been used to
study oceanic mesoscale eddies in different parts of the world oceans (Chaigneau et al., 2011; Li et al., 2017;
Yang et al, 2015; Zhang et al,, 2014). These floats provide freely available temperature and salinity data
from the surface to as deep as 2,000 m (Coriolis Project: http://coriolis.eu.org). For the three-dimensional
study of surface and subsurface eddies propagating in the South Indian Ocean basin, we use profiles from
August 2000 to December 2015. These data have undergone automatic pre-processing and quality control
measures by the Argo Data Centre (Bohme & Send, 2005; Owens & Wong, 2009; Wong et al.,, 2003). To
ensure that only good data was retained, the following two criteria, based on the quality control flags and
sampling characteristics of the Argo data, were used: (1) Only temperature, salinity and pressure data with
quality flag 1 (good) and 2 (potentially good) were considered; (2) It was ensured that each profile con-
tained a shallow data point between 20 m depth and the surface, as well as a deep data point below
1,500 m, to maximise the number of profiles suitable for our study. A common depth at 1,500 m was chosen
as a reference level to compute the steric dynamic height anomalies used in the eddy identification algo-
rithm (Yang et al.,, 2015). Near the surface, only profiles which sampled the first 20 m of the water column
were considered to ensure that shallow eddy signatures are capture when present. A survey of automated
visual inspection ensured the goodness of the identification algorithm performance and any suspicious pro-
files were discarded.

The above criteria were applied after an eddy-Argo collocating analysis was performed. Assuming a perfect
circular eddy-shape, all Argo profiles located within the eddy-radius distance from the eddy-core are taken
into consideration. At this stage, Argo profiles are also identified as either anticyclonic or cyclonic,
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depending on the eddy altimeter database. In the eastern Indian Ocean region, this technique provided
1,232 and 1,191 profiles in anticyclonic (AEs) and cyclonic eddies (CEs) respectively, whereas in the western
region, it yielded 1,232 profiles in AEs and 1,451 profiles in CEs. The combined 5,106 T/S profiles were inter-
polated on a regular 10 m vertical grid from the surface down to depth. The temperature, salinity and
potential density anomalies of each profile associated with the two eddy categories (AE and CE) were then
calculated by removing the climatological values from the CSIRO Atlas of Regional Seas 2009 (CARS09) data
set (Dunn & Ridgway, 2002; Ridgway et al., 2002), which have been spatially and temporally interpolated to
match the exact day in year and positions of the profiles. This enabled the quantification of the eddy prop-
erties different to the background field and, therefore their potential role in the redistribution of heat and
salt in the ocean.

2.4, Subsurface Eddy Identification Method

The combination of the Argo and eddy-database led to 5,106 Argo profiles co-located to altimeter-detected
eddies. However, among these Argo profiles, one may find the signal of either surface or subsurface eddies;
the latter type only when they also have a surface signature. The challenge is to set an automated algorithm
which will assign the above number of Argo profiles to surface or subsurface eddies. To this aim, first we
compute their steric dynamic change. The variability in steric change is due to changes in either the subsur-
face temperature profiles (thermosteric component) and/or in the subsurface salinity profiles (halosteric
component). For each profile, the Steric Dynamic Height Anomaly (SDHA), ', was computed using a refer-
ence level at 1,500 dbar, following the definition by Gill and Niiler (1973) and Tomczak and Godfrey (1994):

0
h’=J op dz ()
—1500
where dp is the density anomaly of the profile, relative to CARS09, and dz is the vertical grid resolution.
1,500 dbar has been commonly referenced as no-motion in former studies in this region (Yang et al., 2015).

For any co-located Argo-eddy profile, a dynamic height anomaly

-200

-400 |
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-800

Depth [m]

-1000 -

-1200

-1400

more significant in the subsurface compared to the surface layers,
would be representative of subsurface maximum in velocities associ-
ated with the eddy, hence a subsurface-intensified eddy. It should be
7 noted that steric height anomalies may represent the signature of
internal tides. The implication of internal tides on the two boxes of
interests have been discussed in section 2.1.

Applying this specific criterion to identify subsurface eddies, 474 CEs
and 135 AEs profiles in the eastern South Indian Ocean, and 368 CEs
and 168 AEs in the western part were characterized as subsurface-
intensified. Figure 2 illustrates the difference in steric dynamic height
anomalies of surface and subsurface eddies in the South Indian
Ocean. Cyclonic profiles characterized as subsurface cyclonic eddies
displayed more negative steric dynamic anomalies in their subsurface
layers. For subsurface anticyclonic eddies, the profiles exhibited more
positive anomalies of steric dynamic height in their subsurface levels.
8 On the other hand, surface-intensified profiles are very distinct with
1 large anomalies at the surface, representative of maximum velocities
at the surface. However, it is worthwhile recalling that in Figure 2, only
subsurface eddies with a surface signature are included since they
were altimeter-detected. Concurrently, submesoscale eddies account
——Surface CE for 54% of the total number of eddies in the South Indian Ocean
-©-Subsurface CE | . . .
—«Surface AE 4 (Zheng et al., 2015) and are not considered here, given the spatial res-
~6-Subsurface AE olution of the altimeter product. These imply an underestimation of

-0.06 -0.02

0.02

0.06 0.10 0.14 the total number of surface and subsurface eddies.

It is worthwhile noting that the accuracy of this method relies on

Figure 2. Steric Dynamic Height anomaly, ', (m) for surface (small dots) and the characteristic vertical distance between surface and subsurface
subsurface (large dots) intensified cyclonic (blue) and anticyclonic (red) eddies anomalies of steric dynamic height. A high vertical resolution of
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temperature and salinity is required such that the characteristic difference between SDHAs is well solved. In
this study, the mean vertical sampling resolution of Argo floats in the eastern and western Indian Ocean
was 8.7 = 1.4 m and 8.4 = 1.6 m, respectively; whereas mean vertical distances between surface and subsur-
face peaks in SHDA were 80 (110) m for AEs (CEs). Based on the latter, one can reasonably argue that we
are well above the requirement to solve indistinctly the difference between surface and subsurface eddies.
The applicability of this eddy identification method to other regions of the global oceans will depend on
the above discussed relationship between vertical scales of surface against subsurface eddies and vertical
sampling rates of temperature and salinity data.

2.5. Eddy Composition

To reconstruct the 3-dimensional structure (temperature, salinity and potential density) of each eddy-type,
we assume a rotationally symmetric eddy with cylindrical shape. The zonal and meridional distances (Ax
and Ay respectively) are defined relative to the eddy centre, where AX=AY=0. For the eddy composites, a
normalized coordinate system is used, where the distance of each Argo profile to the eddy centre, denoted
as 'r’, is normalized by the eddy radius, R.

For each level of depth (2), the variables and their respective anomalies are transformed onto a normalized
horizontal eddy-coordinate system (AX, AY). These are then mapped onto a regular 0.5° X 0.5° grid using
the Barnes objective analysis (Barnes, 1973). This method consists of an inversed distance weighting inter-
polation and has previously been used in mesoscale eddy structures studies (Yang et al,, 2013, 2015). The
variables are then extracted in 1-D as a function of the distance r/R to the eddy centre. A regression fitting
curve, LOESS (Locally Weighted Scatter-plot Smoother) (Cleveland & Devlin, 1988) is then applied to the 1-D
data set at each level z to prevent the presence of any discontinuity in the composites. Eventually, all the
variables, v (r,z), are mirrored to v (-r,2) for graphics.

From the composite vertical potential density, p (r, z), the composite vertical rotational speed (v) is calcu-
lated using the thermal wind balance equation:
z op (r,z
v(r,z)= f% J 9p(r,2) dz 3)

~1500 or

where fis the mean Coriolis parameter (-0.64 x 10” * s~ ') over the latitudinal band.

3. Results and Discussions

3.1. Eddy Statistics and Vertical Structures

In this section, we present the statistics and typical three-dimensional structures of the four eddy-types
(cyclonic/anticyclonic and surface/subsurface), for both the eastern and western South Indian Ocean
regions.

3.1.1. South Eastern Indian Ocean

The mean statistical characteristics of the different eddy types generated in the eastern South Indian Ocean
region are displayed in Table 1. Surface AEs have been more often detected than surface CEs, and this is
consistent with a higher occurrence of AEs in the Eastern South Indian Ocean (Zheng et al.,, 2015). The num-
ber of Argo profiles tracked in surface eddies is also greater than for subsurface eddies, as one might
expect. The weaker, and sometimes even absent surface signal of subsurface eddies enables the collocation
of a lower number of Argo profiles as compared to the number of Argo profiles in surface eddies: 43%
(11%) of the total of profiles corresponded to cyclonic (anticyclonic) subsurface eddies. In this context, we
do not have enough information to argue that the lower percentage of subsurface AE profiles compared to
CE profiles respond to either an actual lower percentage of subsurface AEs or to a lower retention capacity
of the subsurface AEs. Remarkably, subsurface eddies outlive surface eddies, with a mean lifespan of
approximately 217 (CEs) and 223 days (AEs) compared to 175 (CEs) and 185 (AEs) days for surface eddies.
This supports the suggestion of the important role of subsurface eddies for the re-distribution of ocean
properties as their natural tendency to propagate westward from the east will take them toward the west-
ern margins of the basin.

No major differences are observed between the rotational and translational speeds of the different eddy-
types. They present similar mean radius ranging from 100-115 km, consistent with Dufois et al. (2014), who
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Table 1
Statistical Characteristics of Surface and Subsurface Eddies in the Eastern South Indian Ocean
Surface Subsurface
Eastern Indian Ocean CE AE CE AE
Number of profiles 779 1190 605 151
Lifespan (days) 185 *+ 169 175 =158 217 £ 189 223 + 168
Amplitude (cm) 9.0+47 9.6 =47 10.0+59 76+ 4.1
Radius (km) 1153 =363 115.8 = 32.1 103.9 =39 111.7 £31.1
Rotational speed (cm s 25.0*+89 256*+76 26.8*+9.6 223+7.0
Translational speed (em™) 45+ 1.7 47+19 46+ 1.7 45+ 14

Nore. *+ refers to the standard deviation from the mean.

also showed averaged eddy radius of the order of 100 km in the South Indian Ocean. The amplitude reveals
no great variation among the different eddy-types. However, the mean amplitude for cyclonic vortices are
higher compared to anticyclonic ones. This is in agreement with Chelton et al. (2011) who showed larger
amplitude associated with CEs in the Southern Hemisphere, a feature linked to a rotational speed greater

than 20 cm s~ .

Figure 3 shows temperature and salinity anomalies of the four distinct eddy-types in a cross section passing
through the centre of the composite eddies. Note that the two subsurface AEs surveyed by Nauw et al.
(2006) in 2001 near Madagascar, whose origin were suggested to be in the eastern Indian Ocean, were char-
acterized by subsurface positive salinity anomalies in their cores. In agreement with Nauw et al. (2006), the
subsurface eddy-identification method used here reveals a positive salinity anomaly in the subsurface levels
of these eddies (see Figure 3d for CEs and Figure 3h for AEs). These vertical salinity structures give us confi-
dence in our subsurface-eddy identification method.
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Figure 3. Vertical sections of potential temperature (°C; 1°* and 2" columns; a,b,e,f) and salinity anomalies (psu; 3" and 4™ columns; ¢,d,g,h) across composite
cyclonic (top) and anticyclonic (bottom) surface and subsurface eddies, at AY=0, in the eastern South Indian Ocean, over the box shown in Figure 1a.
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We find that the composite vertical structures of surface and subsurface eddies, after performance of the
automated identification algorithm, agree well with expectation according to their associated vertical dis-
placements. Thus, composite eddies present a positive salinity maximum at subsurface levels when vertical
movement subducts surface high salinity water at depth. This occurs in both surface and subsurface AEs
(Figures 3g and 3h). Interestingly, surface AEs differ in the upper layers from subsurface AEs with a salinity
minimum, absent in the latter (Figure 3h). Also as expected in subsurface CEs, a positive subsurface salinity
maximum occurs at ~150 m depth, with significant negative anomalies in the deeper layers (~400 m; Fig-
ure 3d). Castelao (2014) showed that positive but small surface salinity anomalies are associated with CEs,
owing to their vertical displacements. This is in agreement with the slightly positive surface salinity anomaly
present in surface CEs Figure 3c).

The eddy-vertical temperature structures also follow expectations from their associated vertical displace-
ments, with both surface and subsurface CEs (AEs) being responsible in moving colder (warmer) waters. In
both surface CEs and AEs, the same polarity in temperature anomalies prevail throughout the structure,
with negative and positive anomalies respectively (Figures 3a and 3e). However, subsurface eddies reveal
two cores of temperature anomalies, of different polarities. Subsurface CEs display positive anomalies in
their surface and negative anomalies in their subsurface layers. The contrary occur in subsurface AEs, with
negative and positive anomalies in their surface and subsurface layers, respectively. The negative core of
subsurface CEs is located at around ~650 m, deeper than subsurface AEs positive core which is found at
~300 m. Another interesting note is the occurrence of a clear, near-zero temperature anomaly which coin-
cides with the depth of the STUW in the South Indian Ocean, at ~200 m depth (O’Connor et al., 2005) (see
section 3.2).

The mean vertical structure of rotational speed associated with each different eddy-type in the eastern South
Indian Ocean is calculated using the thermal wind balance (Equation 3), and is shown in Figure 4. As expected,
maximum rotational speeds prevail in the deeper levels for subsurface CEs and AEs (Figures 4b and 4d), com-
pared to surface CEs and AEs which exhibit maximum speed at the surface (Figures 4a and 4c).
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Figure 4. Vertical sections of the rotational speed anomaly (cm s 1 of the composite surface CEs (a) and AEs (c) and
subsurface CEs (b) and AEs (d) in the eastern Indian Ocean.
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Rotational speeds of subsurface AEs are generally stronger than subsurface CEs, but with the vertical extent
of enhanced speed being smaller and shallower. Note that the former exhibits almost two times the rota-
tional speed of subsurface CEs. Maximum magnitudes of 12.6 cm s~ ' and 6.8 cm s~ ' occur at ~100 m and
~300 m depth for subsurface AEs and CEs respectively, compared to a surface magnitude of 10-11 cm s~
for surface AEs and CEs. The rotational speed of surface eddies extends down to ~1,000 m, compared to
subsurface eddies which influence deeper levels, sometimes down to 1,200 m, as suggested by Nauw et al.
(2006)who surveyed two subsurface AEs with vertical structures down to ~1,000 m.

3.1.2. South Western Indian Ocean

Statistical characteristics of the different eddy-types in the western South Indian Ocean are displayed in
Table 2. Compared to the eastern box, more (less) subsurface AEs (CEs) are tracked in the western box,
accounting to a total of 14.9% (28.8%) of all western AEs (CEs) profiles. As observed in the eastern South
Indian Ocean, these subsurface features are longer-lived compared to surface ones. Considering the altimet-
ric expression of the different eddy-types, no significant differences are observed. However, the mean trans-

lational speeds in the western box exceed those in the eastern box by almost 0.75 cm's ™.

Generally, the thermohaline vertical structures of the distinct eddy-types in the western South Indian Ocean
Figure 5) are analogous to the eastern region (generation site; Figure 3), with similar vertical structures but
at weakened intensities. Subsurface eddies are characterized by positive salinity anomalies, with surface AEs
differentiating from subsurface AEs with a negative surface salinity anomaly. Owing to their associated
upwelling (downwelling) mechanisms, as expected, CEs (AEs) display negative (positive) temperature anom-
alies. However, as observed in the eastern region, their subsurface forms exhibit two cores of opposite
polarities. Their respective surface signature is characterized by a negative sign of the surface paradigm,
and only the subsurface water column is consistent with the expected uplift/downlift of isotherms. This
interesting feature of opposite vertical temperature polarities associated with subsurface eddies needs to
be taken into consideration when investigating the biogeochemical implications associated with surface
and subsurface eddies in the South Indian Ocean.

The magnitude of the rotational speed associated with surface eddies in the western South Indian Ocean
(Figure 6). remain quite coherent, when compared to the eastern box (Figure 4). On the other hand, subsur-
face eddies, especially CEs, decrease in strength. They exhibit maximum magnitudes of 3 cm s~ ' and
11 cm s~ ! for subsurface CEs and AEs respectively. However, subsurface CEs have maximum speeds closer
to the surface, compared to the maximum being at ~50 m depth for AEs. This maximum is closer to the
eddy-center, in relative to the subsurface AEs in the eastern box. This may be due to the long-lived dynam-
ics of subsurface eddies, which lose their rotational speeds’ intensity far from their generation site. Collec-
tively with shorter lifetimes and comparable rotational speeds, this supports the idea that most surface
eddies are originated either locally or in adjacent areas.

A band of high eddy kinetic energy (EKE) occurs at 25°S in the South Indian Ocean, linking the eastern to
the western basin (Jia et al., 2011a). Along this band, mesoscale eddies, which we suggest to be referred to
as 'SIDDIES’ (South Indian ocean eDDIES), propagate westward toward Madagascar. Apart from their
cyclonic and anticyclonic vorticity contrast, we have shown that SIDDIES can occur as two distinct features;
namely, surface-intensified and subsurface-intensified SIDDIES. Adding to the” eddy-zoo”, we suggest that
these two eddy-types be referred as” surfSIDDIES” and” subSIDDIES” respectively.

Table 2
Statistical Characteristics of Surface and subsurface Eddies in the Western South Indian Ocean

Surface Subsurface
Western Indian Ocean CE AE CE AE
Number of profiles 1158 1304 469 229
Lifespan (days) 161 £ 123 150 £ 113 171 £128 158 £ 124
Amplitude (cm) 88*+47 93*45 82*+43 7.8 4.0
Radius (km) 116.0 = 33.1 119.8 £33 118.4 + 34.0 1154+31.4
Rotational speed (cm g 1) 235+89 238=*75 222+83 212 +6.7
Translational speed (cm™") 53+26 54+27 54+25 53+23

Note. *+ refers to the standard deviation from the mean.
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Figure 5. Vertical sections of potential temperature (°C; 1 and 2" columns) and salinity anomalies (psu; 3" and 4 columns) across composite cyclonic (top) and

anticyclonic (bottom) surface and subsurface eddies in the western Indian Ocean.

SubSIDDIES were characterized by subsurface salinity maximum signatures, with their mean cores at ~150-
200 m in cyclonic (Figures 3d and 5d) and ~250-300 m in anticyclonic forms (Figures 3h and 5h). A recent
subsurface anticyclonic eddy surveyed south of the Canary Islands in the North Atlantic Ocean (Barceld-Llull
et al,, 2017), as well as anticyclonic eddies in the South Pacific Ocean (Chaigneau et al,, 2011) have quite
similar vertical haline structure as anticyclonic subSIDDIES. Characterized by warm-water lens in subsurface
layers, they exhibit a small cap of cold water at the surface, consistent with Barcel6-Llull et al. (2017), where
they suggest it to be due to the seasonal thermocline shoaling. Hence, the key attributes of anticyclonic
subSIDDIES are a slight (significant) positive salinity anomaly at the surface (subsurface) levels, accompanied
by a negative (positive) temperature anomalies at the surface (subsurface) levels.This structure is in agree-
ment with the PUMP eddy structure (Barceld-Llull et al., 2017). Although less observed in open ocean,
cyclonic forms of subsurface eddies do occur in the South Indian Ocean. However, compared to anticyclonic
subSIDDIES, their positive subsurface salinity signature is weaker. These eddies, travelling in a preferential
latitudinal band, form an eddy corridor between the eastern and western South Indian Ocean, as we will
see in the following section.

3.2. SubSIDDIES Vertical Characteristics and Propagation

This section investigates subSIDDIES vertical characteristics and how these features propagate westward
from the eastern South Indian Ocean basin. Based on Nauw et al. (2006) as well as on Figures 3 and 5, the
depth at which maximum positive salinity anomalies prevail, for Argo profiles falling within the subsurface
vortices category are considered. We will refer to this as the 'maximum salinity depth’. In both the eastern
and western South Indian Ocean, the preferential maximum salinity depth lie between 75 and 150 m with
~42% (~60%) of AEs (CEs) being in this depth range. Subsurface AEs have a secondary deeper preferential
maximum salinity depth with almost 30% lying between 200-300 m and 250-350 m in both the eastern
and western South Indian Ocean respectively (Figures 7a and 7c). This is in agreement with upwelling/
downwelling which will push (drag) the maximum salinity depth to shallower (deeper) levels. For cyclonic
subSIDDIES, we find that preferential salinity depths do not vary significantly between both study regions.
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Figure 6. Vertical sections of the rotational speed anomaly (cm s~") of the composite surface CEs (a) and AEs (c) and sub-
surface CEs (b) and AEs (d) in the western Indian Ocean.

Potential densities corresponding to the maximum salinity depth in the eastern region range from 26-
26.8 kg m > for AEs and 25.8-26.2 kg m > for CEs (Figure 7b), with 44% (33%) of subsurface AEs (CEs) being
in the 26.2-26.6 (26-26.4) kg m~3 range. The associated upper and lower bounds are within the domain of
the highly saline STUW (Hanawa & Talley, 2001; O'Connor et al,, 2005). In the western region, the potential
density in cyclonic subSIDDIES is more spread from 25.4-26 kg m™3, with another peak between 26.6-
26.8 kg m ™3 (Figure 7d). However, 60% of AEs potential density ranges from 25.8 to 26.4 kg ~ . Generated
in a region of water mass formation (eastern box), eddies would trap waters with distinct water mass prop-
erties. However, AEs appear to be more coherent while propagating westward, retaining greatly their origi-
nal water mass properties (Figures 7b and 7d). Observed differences might be the response to diffusion
processes, interannual variations in the 0/S properties of the water masses of origin as proposed by Nauw
et al. (2006) or because of eddies surveyed in the western box being generated far from the eastern box

Following the assumption that subsurface lenses migrate along isopycnal surfaces and consequently con-
serve their water mass properties during this propagation (Mcwilliams, 1985), the pathways linking the
western to the eastern South Indian Ocean is backtracked in Figure 8. Subsurface CEs and AEs in the west-
ern South Indian Ocean have potential density ranges of 25.4-25.8 kg m > and 26-26.4 kg m >, accounting
for 23% and 46% respectively. These preferred density ranges for cyclonic (anticyclonic) subSIDDIES are
consistent with the density ranges of Peru-Chile Current System (PCCS) eddies where CE (AE) cores corre-
spond to 25.2-26 (26-26.8) kg m > (Chaigneau et al.,, 2011). The low percentage of CEs in the given density
range might be attributed to the spread of the eddy core over a wider potential density range (Figure 7d).

Figure 8a reveals the favoured CE isopycnal layers which links the eastern to the western South Indian
Ocean at 200 m, 150 m and 100 m depth, accounting for 75% of CEs having their maximum salinity depth
within that range. On the other hand, denser water present in the AE deeper layers links the two regions at
250 m, 200 m and 150 m depth. 37% of AEs have their maximum salinity within these depths, with 38%
being at shallower depths. This variability can possibly be explained through the seasonal modulation of
the depth of isopycnal layers in the region.
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Figure 7. Histogram distribution of maximum positive salinity depths and their corresponding potential density of subSIDDES in the eastern Indian Ocean (a, b)

and western Indian Ocean (c, d).

These pathways are further confirmed when investigating the generation sites as well as the trajectories of
the subSIDDIES in the eastern (Figures 8c and 8d) and western (Figures 8e and 8f) South Indian Ocean. One
important note is that these are only eddies with surface signatures and which have been surveyed at least
once by an Argo profile, hence leading to an underestimation of the subsurface eddy tracks. The equator-
ward (poleward) tendencies of subsurface AEs (CEs) are due to their propagation on a f-plane, and the
meridional drift of the eddies which is induced by the change in relative and planetary vorticities on their
flanks (Morrow et al., 2004).

Surface as well as subsurface eddies connect the eastern to the western South Indian Ocean basins, along iso-
pycnal layers. These pathways, corroborated by the eddy tracks in Figures 8c-8f, are suggestive of a continu-
ous eddy corridor between Australia and Madagascar, coinciding with the high zonal EKE band at 25°S
(Figure 1a) where large eddies (R > 100 km) are observed, as shown by Zheng et al. (2015). We can conclude
that this is a preferential latitudinal band of propagation for SIDDIES and, therefore, we suggest to name this
latitudinal band in the South Indian Ocean as the ‘Corridor of SIDDIES’, analogous to the Canary Eddy Corridor
(Sangra et al., 2009). This corridor suggests a possible key role of these features (surfSIDDIES and subSIDDIES)
in the redistribution of warm and fresh water, as well as other variables such as nutrients and trace elements.

3.3. Heat and Freshwater Fluxes
The ocean’s role in the global heat balance is fundamental due to its ability to transport excess heat from
the tropics toward the poles. The oceanic circulation is responsible for most of this poleward heat transport,
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Figure 8. First row displays depth of isopycnal layers corresponding to favoured water mass properties of (a) cyclonic and (b) anticyclonic subSIDDIES. Second and
third rows show the tracks of subSIDDIES studied in the eastern (c and d) and western (e and f) South Indian Ocean, with blue (red) indicating CE (AE).

partly through mesoscale eddies (Dong et al.,, 2014; Robinson, 1983; Volkov et al., 2008). This section esti-
mates the heat and freshwater fluxes associated with the four eddy-types of study. Flierl (1981) suggested
that the volume of trapped water in an eddy is dependent on the ratio of its rotational and translational
speeds, also known as the nonlinearity parameter, with a ratio exceeding 1 implying a coherent eddy struc-
ture during its propagation (Chelton et al., 2007, 2011). Accordingly, we compute the mean vertical struc-
tures of nonlinearity for cyclonic/anticyclonic surfSIDDIES/subSIDDIES in both western (Figure 9a) and
eastern (Figure 9b) regions.

In the eastern South Indian Ocean, the deep vertical stretch of cyclonic and anticyclonic subSIDDIES associ-
ated with the existence of subsurface eddy-cores results in a large vertical area of trapped fluid, down to
630 m and 780 m respectively, compared to their analogous surface eddies with trapped fluid extending
down to 190 m and 260 m respectively. Generally speaking, the extent of trapped water in the western side
of the basin is much lower, with a depth of 250 m for anticyclonic subSIDDIES, and 160 m (190 m) for
cyclonic (anticyclonic) surfSIDDIES. However, the non-linearity parameter associated with cyclonic subSID-
DIES reveals no trapped fluid, owing to their low rotational speed, as seen in Figure 6b. It must be noted
that we are underestimating the rotational speed in our case, since only the geostrophic and not the ageo-
strophic component of the eddy is taken into consideration. Penven et al. (2014) and Barcelé-Llull et al.
(2017)showed that the ageostrophic part could contribute to 30-40% of the geostrophic component of
anticyclonic eddies. Only absolute in-situ measurements of this eddy-type will help to better elucidate its
non-linearity parameter.

Overall, this results in a more significant volume advected through subsurface eddies compared to surface
features, and hence will have a greater impact on the warm and fresh water distribution in the South Indian
Ocean. The available heat and salt content anomalies (AHA and ASA respectively) of the four eddy-types are
computed, as in Chaigneau et al. (2011), to estimate how much warm and fresh water is being transported.
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Figure 9. Mean vertical profiles of the nonlinearity parameter of the four eddy-types (surface and subsurface CEs and
AEs) for the western (a) and eastern (b) South Indian Ocean.

The AHA and ASA are derived from the following equations:

0 Rc
AHA = J J po Cp 0 (2mr)dr dz 4)
Ztrap JO
0 Rc
ASA =0.001 J J po S (2nr)dr dz (5)
Ztrap JO

where C, is the specific heat capacity (4,000 J kg ~ 'K~ ") and R, the mean eddy radius. The temperature
and salinity anomalies (0’ and S’ respectively) are integrated over the eddy-core area by assuming a circular
symmetrical shape, and then vertically integrated over the trapping depth (Z;,,). We also integrate radially
from the eddy centre to the eddy-core radius, with R, being the mean eddy radius of the four distinct eddy-
types. A 0.001 factor is used for ASA so as to convert salinity to salinity fraction (kg of salt per kg of
seawater).

Focusing on the” eddy-generation region” namely the eastern South Indian Ocean, the vertical profile of
AHA (Figure 10a) reveals a more significant negative (positive) anomalies associated with cyclonic (anticy-
clonic) surfSIDDIEs compared to their subSIDDIES counterpart. However, when integrating from the surface
to the trapping depths, cyclonic subSIDDIES advect larger AHA values (-5.1 x 10'® J) compared to surfSID-
DIES one (-3.8 x 10'8 J) (Table 3). Furthermore, anticyclonic surfSIDDIES carry slightly larger AHA (10.8 x 10'®
J) compared to their subSIDDIES counterpart (9.4 x 10" J). In contrast to subsurface vortices in other
regions, cyclonic subSIDDIES exhibit almost similar heat anomalies (-5.1 x 10'® J) to PCCS eddies (-5.5 x 10'®
J) (Chaigneau et al., 2011), whereas anticyclonic subSIDDIES display higher available heat content than the
PUMP eddy (2.9 x 10'® J) (Barcelé-Llull et al,, 2017), Cuddies (0.36 x 10'® J) (Pelland et al., 2013) and PCCS
eddies (8.7 x 10'8J) (Chaigneau et al., 2011). This difference in heat content can be dependent on the radius
of the eddy, which is larger for subSIDDIES (~115 km) compared to PUMP (~30 km), Cuddies (~20 km) and
PCCS eddies (~60 km), as well as the much deeper associated trapping depths.

For the available salt content anomalies, subSIDDIES play a more influential role on the total salt redistribu-
tion in the South Indian Ocean, primarily due to their positive/negative salt content (Figures 10b and 10d)
and larger vertical extent of trapped volume (Figure 9). Anticyclonic surfSIDDIES show salt deficiencies
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Figure 10. Mean available heat anomaly (J m~"; left column) and available salt anomaly (Kg m~"; right column) associated with the four eddy-types in the eastern
(first row) and western (second row) South Indian Ocean.

Table 3
Vertical Extent, Volume, Thermohaline Contents and Associated Heat/Freshwater Flux of Four Distinct Eddy-Types in the
Western and Eastern Indian Ocean Regions

Western Indian Ocean Eastern Indian Ocean
Surface Subsurface Surface Subsurface

CE AE CE AE CE AE CE AE
Vertical Extent [m] 0-160 0-190 - 0-250 0-190 0-260 0-630 0-780
Volume [x 102 m?] 6.8 8.6 - 10.5 7.9 11 214 306
AHA [x 10'® J] —-33 84 = 3.8 —38 10.8 =51 9.4
Zonal Qg [TW] —0.62 1.7 - 0.4 —-0.6 1.7 —-0.6 0.8
Meridional Q.p, [TW] —0.06 —0.02 - —0.04 0.04 0.12 0.04 0.07
ASA [x 10'° Kg] 6.7 -10.8 - 6.1 0.6 —19.8 —256 27
Zonal Qg [SV] —04 0.6 - —0.2 —0.02 0.9 0.8 —0.7
Meridional Qg, [SV] —0.03 —0.007 - 0.02 0.002 0.06 —0.05 —0.06
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(—19.8 x 10'° Kg) with respect to the background water mass, whereas subSIDDIES transport a surplus of
saline water (27 x 10'° Kg). Anticyclonic subSIDDIES, compared to other eddy-types in the region, transport
large salt content anomalies (27 x 10'° Kg), which is of the same order of salt content of AEs in PCCS (23.8 x
10'° Kg) (Chaigneau et al,, 2011). Moreover, cyclonic surfSIDDIES carry a slight excess salt (0.6 x 10'° Kg)
with cyclonic subSIDDIES being deficient in salt (—25.6 x 10'° Kg) (Table 3).

In the western Indian Ocean, cyclonic subSIDDIES do not seem to play a significant role in the heat and
freshwater advection owing to their weak rotational speed, with no apparent capacity to transport water
(Figure 9a). The other eddy-types show similar AHA and ASA vertical structures to the eastern region but
with shallower trapping depths. As seen in sections 3.1 and 3.2, SIDDIES lose their characteristics partially
during the westward migration and this could explain the lower integrated AHA and ASA. Anticyclonic surf-
SIDDIES are again shown to correspond to freshwater content whereas both cyclonic surfSIDDIES and anti-
cyclonic subSIDDIES have positive salt content anomalies.

SIDDIES have the ability to advect mass, heat and freshwater in distinct depth layers, depending on the ratio
between their rotational and translational speeds. Hence, their respective zonal heat and salt transports
(Zonal Q. and Zonal Q,,) as well as their meridional components (Meridional Q. and Meridional Q) for
each eddy-type are computed for the eastern and western South Indian Ocean boxes (Table 3). We do this
through longitudinal (97.5°E for eastern and 62.5°E for western region) and latitudinal (26°S) sections cen-
tered on the 2 boxes. The associated total time-mean fluxes are estimated by multiplying the average eddy
properties by their respective population density number, N,, where N, is the total number of each eddy-
type passing through the longitudinal and latitudinal sections divided by their corresponding time length,
as in Duncombe Rae et al. (1996) and Chaigneau et al. (2011). Salt transport is interpreted as freshwater flux
(unit: Sv), with Qg, = - Qes/poSo, Where S, = 35 psu (salt mass fraction) is the mean upper ocean salinity. It
should also be noted here that the associated eddy-fluxes are from the surface down to the specific trap-
ping depth of each eddy-type.

The resultant fluxes associated with each eddy-type as well as the net eddy fluxes are also displayed in Fig-
ure 11. The mass flux of all eddy types is representative of their westward displacement, with slightly
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Figure 11. Resultant vectors associated with the mass (a), heat (b) and freshwater flux (c) of each eddy-types (see legend), in the eastern and western South Indian
Ocean region. The background displays (a) streamlines of sea surface height representing geostrophic mean circulation, (b) salinity and (c) temperature, both salin-
ity and temperature averaged between 50 and 150m depth.

DILMAHAMOD ET AL.

5421



~1
AGU

100

ADVANCING EARTH
/AND SPACE SCIENCE

Journal of Geophysical Research: Oceans 10.1029/2018)C013828

equatorward (poleward) deflections for anticyclonic (cyclonic) surfSIDDIES and subSIDDIES in the eastern
South Indian Ocean, as expected. This westward migration of the cyclonic and anticyclonic eddies induce a
zonal heat transport, that tend to offset each other to some extent, due to their opposite signs. Meridional
heat transport, however, will combine to give larger values. Comparatively with freshwater fluxes, this is not
always the case.

Consistent in terms of direction, the net-eddy heat flux is, however, of a lesser magnitude compared to Vol-
kov et al. (2008) and Dong et al. (2014), owing to a basin-wide context in their studies. In the eastern region,
anticyclonic subSIDDIES advect 50% less heat (0.81 TW) compared to anticyclonic surfSIDDIES (1.7 TW). This
is due to the colder water in the surface layers of anticyclonic subSIDDIES compared to the warmer water
for surfSIDDIES. However, cyclonic surfSIDDIES (0.6 TW) and subSIDDIES (0.6 TW) display quite similar heat
transport. Anticyclonic (cyclonic) surfSIDDIES advect 6 (3) times more heat compared to PCCS anticyclonic
(cyclonic) eddies which advect 0.28 (-0.17) TW. A net equatorward heat flux toward a temperature up-
gradient is observed in the eastern Indian Ocean (Figure 11b), owing to a preferential equatorward move-
ment of anticyclonic vortices (and poleward movement of CEs) (Chelton et al., 2007; Morrow et al., 2004),
and their associated large vertical trapping depths (Figure 9b). SubSIDDIES have a net eddy-heat flux of
~3% of the total global northward heat component (~50-60 TW), between the latitudinal band of 20°S-
32°S (Dong et al., 2014; Jayne & Marotzke, 2002). Taking into account the underestimation of the number of
subsurface eddies in our study due to only altimeter-detected eddies being considered, associated heat-
flux could be an important integral of the global net eddy-heat flux.

In the western Indian Ocean, we observe the same phenomenon with AEs, with their surface form moving
warmer water (1.7 TW) compared to their subsurface form (0.41 TW). The net eddy heat flux of 1.5 TW is
slightly poleward. This can be attributed to the presence of the shallow SICC (Palastanga et al., 2007; Siedler
et al., 2006) which flows against the mean eddy propagation (Figure 11a), as well as the sub-gyre east of
Madagascar, which can interact with the mesoscale eddies and their poleward/equatorward affinities. The
1.5 TW eddy-heat flux could contribute to the 100 TW conveyed by the Agulhas Current (Volkov et al., 2008)
and the 62 TW transported by the Agulhas rings (Souza et al,, 2011) into the South Atlantic Ocean. This
inter-ocean exchange of heat and salt, on longer timescales, could alter the variability Meridional Overturn-
ing Circulation (Beal et al.,, 2011; Biastoch et al., 2008).

An interesting feature of the South Indian Ocean is the presence of a high subsurface salinity in the eastern
basin. One might expect that mesoscale eddies formed in this region would advect this high saline water
westward. However, a westward freshwater flux through eddies is predominant. This flux is associated with
all eddy-types, except anticyclonic subSIDDIES (Table 3), and is largely controlled by the extent of their trap-
ping depths. A shallow trapping depth of 260 m for anticyclonic surfSIDDIES infer fresher surface water
advection compared to the deeper saltier water (Figure 3g).

With positive salt content anomalies along their trapping depths, anticyclonic subSIDDIES are found to be
the sole saline-water (23.3 x 10°> Kg s~ ') eddy-conveyor toward the western region, in their subsurface
layers. This is consistent with the two anticyclonic subSIDDIES surveyed close to Madagascar in 2001 (Nauw
et al., 2006). Cyclonic surfSIDDIES exhibit positive as well as negative salt content anomalies in their trapping
depth, resulting in a small eastward freshwater flux. The net eddy-freshwater flux is westward, south-
westward at a magnitude of ~0.98 Sv.

The westward freshwater flux associated with anticyclonic surfSIDDIES in the western box is compensated
by the eastward salt flux exhibited by cyclonic surfSIDDIES and anticyclonic subSIDDIES. The net eddy fresh-
water flux is however westward slightly poleward in the western South Indian Ocean regions (Figure 11c).
The western South Indian Ocean region, being the” eddy-arrival region”, is expected to reveal different
fluxes compared to the eastern part. This may be due to different factors namely: 1) more coherent struc-
tures of mesoscale eddies in the east generate more significant fluxes; 2) freshwater input from the Indone-
sian Throughflow into the eastern region significantly influences the salt advection; 3) the presence of the
SICC and the sub-gyre south-east of Madagascar can interact and influence incoming eddies and/or shed
its own eddies; and finally 4) the loss, to some extent, of the eddy properties during their long-lasting life.

Dong et al. (2014) reported a freshwater flux of —0.1 Sv to —0.2 Sy, at latitudes 20°S and 32° respectively,
with a positive freshwater flux (0.1 Sv) observed at ~25°S. The net eddy-freshwater flux in the eastern
region (0.98 SV) accounts for almost 10 times more than reported (Dong et al., 2014). A more important
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number of subSIDDIES would imply a greater impact of freshwater flux on the main oceanic currents in the
vicinity, and eventually on the Agulhas Current System. It is important to note that some uncertainties are
associated with the fluxes. These are because only surface-detected eddies are taken into consideration, the
computation of rotational speed is based on a level of no-motion which is not always the same in different
part of the global ocean, and the ageostrophic component of the eddy is not being accounted for. Hence,
in the western basin, cyclonic subSIDDIES could still advect water even when our current results suggest
otherwise. From these, stronger fluxes than stated here could be inferred.

4, Summary and Future Work

The South Indian Ocean is characterized by a zonal band of high EKE, the only one occurring at a subtropi-
cal eastern boundary of the global oceans (Jia et al, 2011a). Among other features, we attribute this
enhanced EKE to westward-propagating South Indian Ocean eddies, which we termed in this study as 'SID-
DIES'. SIDDIES can occur in two forms namely surface-intensified or subsurface-intensified. On the basis of
an eddy tracking scheme (Chelton et al., 2011) and available Argo profiles, we have devised a novel subsur-
face eddy identification method, based on their steric dynamic height anomalies. The eddy-subsurface
identification method was successful in distinguishing between Argo profiles collocated in surface eddies
and subsurface eddies. Hence, we propose that surface-intensified and subsurface-intensified eddies to be
referred as” surfSIDDIES” and” subSIDDIES".

This study has characterized, for the first time, a mean vertical thermohaline structure of cyclonic and anti-
cyclonic surface and subsurface eddies in the eastern (genesis area) and western South Indian Ocean, where
only two subsurface AEs have been previously surveyed. This allows us to investigate their ability to trans-
port properties to remote regions. SurfSIDDIES and subSIDDIES migrate from the eastern to the western
South Indian Ocean, along preferential isopycnal layers. Cyclonic (anticyclonic) subSIDDIES, with their mean
cores lying at ~150-200 (250-300) m, prefer density layers of 25.4-24.8 (26-26.4) kg m™>. We termed the
preferential latitudinal band (15°S-35°S) the” SIDDIES Corridor”. SubSIDDIES are found to contribute largely
to the distribution of heat and salt in the South Indian Ocean. 58% (32%) of the total eddy-heat flux is attrib-
uted to cyclonic (anticyclonic) subSIDDIES in the eastern Indian Ocean whereas 58% is attributed to the
total in the western region. In terms of fresher water, anticyclonic subSIDDIES account for 42.5% (24%) of
the total freshwater fluxes in the eastern (western) regions, but in the opposite direction.

The results in this study highlight the importance as well as the contribution of subsurface-intensified
eddies in the redistribution of heat and fresh water in the South Indian Ocean, and hence suggest that they
might have an important role in the regional western boundary current system namely the Greater Agulhas
Current System. The interesting dipole temperature structure associated with these subSIDDIES are worthy
of further investigation due to its possible importance on the spatial distribution of SST and eventually on
sea surface wind. The influence of eddies on the distribution of chemical tracers through horizontal and ver-
tical advection have also been previously reported (Chelton et al., 2011; Gaube et al., 2013, 2014; Iskandar
et al., 2010; McGillicuddy & Robinson, 1997). Thomsen et al. (2016) showed that subsurface anticyclonic
eddies stir local tracers and then advect biological properties such as oxygen and nitrate from the PCCS
slope toward the offshore open ocean where an oxygen minimum zone is present. This mechanism has
also been documented in the South Indian Ocean which is known as a unique environment where
chlorophyll-a concentration is maximum in anticyclonic eddies (Dufois et al., 2016, 2017). However, these
studies deal with the mesoscale eddies as being surface-intensified eddies. Hence it will be important to
the biogeochemical community to investigate how these special eddies, with their cores in the subsurface,
transport nutrients or biomass through their long-lived journeys across the South Indian Ocean basin, and
how they interact with the presence of the deep chlorophyll-maximum.
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