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Abstract

Mesoscale eddies are ubiquitous in the Southern Ocean particularly in regions where the
Antarctic Circumpolar Current interacts with topography. Eddies play a critical role in the meridional
transport of heat and salt across the Antarctic Circumpolar Current. However, observations of the heat
and salt content of eddies are extremely rare. Here we present new observations that characterize the
three-dimensional structure of a cyclonic (cold-core) eddy generated at the Subantarctic Front south of
Tasmania. Automated detection software is used with satellite altimetry to follow the eddy through the
Subantarctic Zone. The physical properties at the center of the eddy are substantially modified from those
near the formation region, indicating a strong transformation during the eddy's lifetime. The eddy carried
heat and salt content anomalies relative to surrounding Subantarctic Zone waters of −0.5 ± 0.1 × 1020 J and
−2.1 ± 0.4 × 1012 kg, respectively. Previous studies have not captured the full heat and salt content of eddies
due to limited observations and have underestimated their content by a factor of 2 to 3 south of Tasmania.
Applying the observed correlation between eddy-elevated volume and eddy heat and salt content to the
history of cyclonic eddies in the satellite altimeter record leads us to propose that about 21% of the heat
carried across the Subantarctic Front south of Tasmania is achieved by cyclonic eddies entering the
Subantarctic Zone. The freshwater contribution to the Subantarctic Zone by long-lived cold-core eddies is
of the same order of magnitude as the Ekman flux in this region.

Plain Language Summary Eddies are rotating bodies of water with diameters between 10
and 100 km that live from a week to months in the ocean. They are known to carry heat and salt across
the Antarctic Circumpolar Current. Because of extremely limited direct observations of these eddies, it
is difficult to calculate the actual amount of heat and salt that these eddies carry. Here we present new
observations of a cold-core eddy that we sampled during a voyage in the Southern Ocean south of
Tasmania. The eddy was born in the Subantarctic Front and traveled into the Subantarctic Zone where it
stayed for 2 months before returning to the Subantarctic Front and disappearing. The observations showed
that the amount of heat carried into the Subantarctic Zone is 2.6 times higher than previously reported, and
the amount of salt is 2.5 times larger for south of Tasmania. Based on our in situ observations, combined
with satellite measurements of sea surface height and an eddy-tracking software, we propose that 21% of
the heat carried across the Subantarctic Front south of Tasmania is achieved by long-lived, cold-core eddies
entering the Subantarctic Zone.

1. Introduction
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Mesoscale eddies are coherent, rotating bodies of water with diameters of O(10–100) km and life cycles of
weeks to months. They assume a central role in the meridional exchange of heat and salt of the Southern
Ocean (SO) because there is no mean meridional geostrophic flow across the Antarctic Circumpolar Current
(ACC) at the depths shallower than the ocean ridges (Rintoul et al., 2001; Rintoul & Naveira Garabato, 2013).
This absence of a mean flow contributes to preserving the cold climate of Antarctica and the high-latitude
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SO (Rintoul et al., 2001; Rintoul & Naveira Garabato, 2013). To maintain the heat and salt balance of the
SO requires a southward transport by the ocean of approximately 0.3–0.7 PW of heat and 11 × 106 kg/s
of salt (Keffer & Holloway, 1988; Lumpkin & Speer, 2007). De Szoeke and Levine (1981) postulated that
mesoscale eddies are the most likely candidate to accomplish the required cross-frontal transport. Since de
Szoeke and Levine's (1981) postulation, there has been ongoing research into the processes by which these
poleward fluxes are achieved examining the relative contributions of time-varying mean flow and transient
and standing eddies. For example, Volkov et al. (2010) highlighted the importance of the time-mean field
of meridional velocity and potential temperature fluctuations in the poleward meridional heat transport.
Ferrari et al. (2014) demonstrated using a model and current meter mooring observations that 80% of the
poleward flux of heat was by the mean flow and only 20% by eddies in Drake Passage. In this paper, we aim
to quantify the role of transient eddies in the poleward transport of heat and salt across the Subantarctic
Front (SAF) in south of Tasmania.
Satellite altimetry has identified the ubiquity of eddies and allowed the characterization of their surface
expression across the world ocean (Chelton et al., 2007, 2011). Eddies are nonuniformly distributed throughout the SO, being concentrated near significant topographic obstructions in the path of the ACC where
standing meanders are found (Frenger et al., 2015; Morrow et al., 2004). Model studies and altimeter observations have shown the importance of these eddy hotspot regions for the meridional transport of heat and
salt across ACC fronts (Dufour et al., 2015; Sallee et al., 2011; Thompson & Sallée, 2012). Foppert et al. (2017)
used 4 years of in situ measurements of eddy heat flux (EHF) from C-PIES and a tall mooring in Drake Passage combined with satellite altimeter data to define a proxy for EHF based on sea surface height (SSH)
standard deviation and tested the proxy circumpolarly using the SO State Estimate (Mazloff et al., 2010).
Using 23.5 years of altimetry observations they mapped the circumpolar distribution of EHF across each jet
of the ACC, finding eight regions of elevated poleward heat flux. Interestingly, the heat flux does not cross
the full ACC in any one location but is carried zonally and steps southward across each front as it encounters
different hotspots along its circumpolar path. These eddy hotspots have also been found to be the locations
along the ACC where there is enhanced upwelling of deep waters (Tamsitt et al., 2017).
The EHF estimates of Foppert et al. (2017) agree well with the few in situ estimates from moorings south
of Tasmania (Phillips & Rintoul, 2000) and in Drake Passage (Ferrari et al., 2014; Watts et al., 2016). Observations from these moored arrays indicate poleward EHFs of 15.4 kW/m2 in the Drake Passage (Johnson &
Bryden, 1989) and 11.3 kW/m2 south of Tasmania (Phillips & Rintoul, 2000). These estimates translate to
poleward heat fluxes of 1.2 and 0.9 PW, respectively, when extrapolated circumpolarly, which is large enough
to balance the heat lost to the atmosphere around Antarctica. However, we have low confidence in these
estimates because they are based on measurements in locations of high eddy energy and do not account for
the vast regions along the ACC where there is much weaker eddy activity. The circumpolar EHFs across the
ACC estimated by Foppert et al. (2017) that do account for zonal variations in fluxes, range from 1.06 PW
entering the SAF to 0.24 PW exiting the Polar Front (PF), lower than the aforementioned coarse estimate
of 0.9 to 1.2 PW from point measurements. The satellite proxy of Foppert et al. (2017) presents an exciting
observational tool to monitor spatial and temporal variations in eddy fluxes, but we need to build confidence
in the proxy by validating against in situ measurements of the heat exchange by mesoscale eddies.
Several hydrographic studies have provided direct observations of the heat and salt content of mesoscale
eddies. For instance, Joyce et al. (1981) studied a cold-core eddy spawned from an equatorward meander of
the Antarctic PF in the Drake Passage, Swart et al. (2008) studied a cold-core eddy formed in the PF south
of Africa, and Morrow et al. (2004) exploited existing repeat hydrographic transects along the SR3 line and
satellite observations, to explain the formation and propagation of eddies and provided the first estimate of
the heat and salt transport by cold-core SAF eddies south of Tasmania. However, this estimate of heat and
salt transport may be biased low by incomplete sampling of the horizontal or vertical extent of the eddies
that were sampled in these studies.
In this study, we focus on the SO south of Tasmania, a region of moderate but growing eddy kinetic energy
downstream of the southward shift of the Southeast Indian Ridge where the ACC becomes free of bathymetric constraint (Phillips & Rintoul, 2000). It is the location of one of four standing meanders that are central to
the momentum balance of the ACC (Thompson & Naveira Garabato, 2014). It is also a region where almost
30% of the circumpolar heat transfer across the SAF and PF is estimated to occur (Foppert et al., 2017, their
Figure 7).
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Figure 1. (left) Voyage track of IN2016_V02 (gray lines) and track during the eddy sampling (blue lines);
conductivity-temperature-depth cast taken in the Subantarctic Front (blue asterisk); mean positions of the northern
and southern branches of the Subantarctic Front during the sampling period (black contours); approximate location of
Morrow et al.'s (2004) eddy (black +). Solid black box defines region over which eddy demography was conducted.
Dashed line box defines limits for calculation of the eddy heat flux based on Foppert et al. (2017). (right) The radial
transects of the eddy sampling, overlaid on the mean sea level anomaly during the sampling period. Dotted lines
signify shipboard acoustic Doppler current profiler transects across the eddy (full-diameter transect, ADCP0,
highlighted in magenta), where dots denote positions of 5-min average measurement. Triangles indicate
conductivity-temperature-depth casts of transects A, B, and C, labeled by cast number. ADCP = acoustic Doppler
current profiler; SAF = Subantarctic Front; SLA = sea level anomaly.

We present an unprecedented hydrographic survey of a cyclonic, cold-core, eddy south of Tasmania allowing us to characterize its physical structure and evolution over its lifetime, as well as its heat and salt content.
The targeted cold-core eddy formed in the SAF south of Tasmania in February 2016, transited into the Subantarctic Zone (SAZ) where it spent 2 months and was eventually reabsorbed into the SAF in May 2016 (see
Figure 1 [left] and 2). In this paper, we first describe the temporal variability of the eddy's characteristics
using remotely sensed data employing automated eddy detection and tracking software. We then characterize the physical and dynamical structure of the eddy from in situ observations. Lastly, we calculate the
available heat and salt anomalies in the eddy and extend these results using satellite altimetry to estimate
the total amount of heat carried across the SAF by cold-core eddies.

2. Data and Methods
2.1. In Situ Observations
We undertook an intensive survey of the physical and biogeochemical structure of a cyclonic, cold-core
eddy in the SAZ south of Tasmania (Figure 1, left) over the course of 7 days (30 March to 5 April 2016)
from Australia's research vessel RV Investigator, Voyage IN2016_V02. During this survey, we collected 18
conductivity-temperature-depth (CTD) profiles of temperature, salinity, nutrients, and dissolved oxygen
concentration from the sea surface to 1,500 dbar (Figure 1, right). All profiles were taken with a Seabird
SBE911 CTD 20, which was calibrated for salinity and dissolved oxygen with Niskin bottle water samples at
12 depths on each cast. Water samples from 24 depths were analyzed for nutrients.
The CTD spacing was nominally 15 km apart along three radial transects from the edge of the eddy to its
center (Figure 1). The eddy moved laterally by only 13 km over the duration of sampling. We take advantage
of the relatively short observation period, and the near stationarity of the eddy to combine transects into a
snapshot of the eddy structure. To produce a coherent full-diameter transect across the eddy, we combined
CTD transects B and C (Table 1) in a way that produces a vertical section from the northwestern edge, to the
center, to the eastern edge of the eddy (Figure 1). We estimated the mixed layer depth for the same transect
following de Boyer Montégut et al. (2004) using a temperature difference from the sea surface of 0.2 ◦ C.
A continuously operating 75-kHz shipboard acoustic Doppler current profiler (SADCP) acquired vertical profiles of current speed and direction down to approximately 750-m depth along the ship track.
PATEL ET AL.
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Figure 2. Daily sea level anomaly maps representing the main events of the eddy's life cycle. Black contours represent
the northern and southern branches of the Subantarctic Front (SAF-N and SAF-S, respectively), based on absolute
dynamic topography of 0.2 and −0.4 m, respectively (Sokolov & Rintoul, 2009). Asterisk represents the center of the
eddy at formation, and the plus sign is the center of the eddy at the time of the image, both derived from the
eddy-tracking software.
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Table 1
Conductivity-Temperature-Depth Casts Sampled in the Cold-Core Eddy and in the Subantarctic Front
Transect

A

B

C

Front

Cast number

Date

Longitude

Latitude

Max pressure

3

31-Mar-2016 02:00

148.44◦ E

50.38◦ S

1552

4

31-Mar-2016 05:05

148.16◦ E

50.38◦ S

1558

5

31-Mar-2016 07:57

147.88◦

50.38◦

S

1554

6

31-Mar-2016 10:50

147.61◦ E

50.38◦ S

1555

7

31-Mar-2016 13:51

147.35◦ E

50.38◦ S

1552

8

31-Mar-2016 16:40

147.08◦ E

50.38◦ S

2254

10

01-Apr-2016 07:44

148.42◦ E

50.38◦ S

1554

11

01-Apr-2016 10:51

148.15◦

E

50.38◦ S

1554

12

01-Apr-2016 13:31

147.88◦ E

50.38◦ S

1554

13

01-Apr-2016 16:53

147.61◦ E

50.38◦ S

1555

14

01-Apr-2016 19:52

147.34◦

50.38◦

S

1556

15

01-Apr-2016 23:27

147.08◦ E

50.38◦ S

1555

18

02-Apr-2016 20:05

146.50◦

49.67◦

S

1552

19

02-Apr-2016 23:18

146.61◦ E

49.81◦ S

1552

20

03-Apr-2016 02:19

146.73◦ E

49.95◦ S

1551

21

03-Apr-2016 05:04

146.85◦

50.09◦

S

1552

22

03-Apr-2016 07:41

146.96◦ E

50.23◦ S

1550

23

03-Apr-2016 10:13

147.07◦ E

50.37◦ S

1554

26

06-Apr-2016 04:35

147.26◦ E

52.87◦ S

1551

E

E

E

E

Note. Maximum pressure is measured in decibars. Date is in UTC time zone.

In addition to SADCP data recorded along the three CTD transects, we collected one continuous
full-diameter transect (ADCP0) from west to east across the eddy and five radial transects that were uninterrupted by station holding (Figure 1, right). Processing and quality control of the CTD and SADCP data
were completed by the data group at Australia's Marine National Facility and are publicly available at
https://www.cmar.csiro.au/data/trawler. The ADCP velocities are used to calculate tangential and radial
velocity components, which allowed a direct comparison with geostrophic velocities estimated from the
CTD profiles. Tangential velocity is defined to be perpendicular to any radius from the center to the edge of
the eddy (positive clockwise). Radial velocities indicate movement into or out of the eddy (positive outward).

2.2. Remotely Sensed Observations
We used Archiving, Validation, and Interpretation of Satellite Oceanographic data's (AVISO) gridded sea
level anomaly (SLA), geostrophic velocity, and absolute SSH products, taken from the new version of
Ssalto/Duacs products disseminated by Copernicus Marine Environment Monitoring Services (CMEMS).
The data have a Cartesian 0.25◦ spatial resolution and daily temporal resolution. The climatology used to
compute SLA is based on a 20-year period (1993–2012). We exploited both near-real-time and delayed-mode
products of AVISO. The data processing details can be found at https://duacs.cls.fr/.
For satellite chlorophyll and infrared sea surface temperature (SST), we used daily, 9-km-spatial-resolution
products from Moderate Resolution Imaging Spectroradiometer-Aqua, disseminated by National Aeronautics and Space Administration (https://oceancolor.gsfc.nasa.gov/). For SST, we also used daily 0.25◦
-spatial-resolution microwave data from the AMSR-2 instrument (http://www.remss.com/).
We also used the new version of the Roemmich-Gilson Argo Climatology to assess the sensitivity of our
reference profile, which is defined in section 2.4. The new version extended Argo-only-derived temperature
and salinity fields through 2016. The detail about modification in the new version can be found in Roemmich
and Gilson (2009) and at the data portal site, http://sio-argo.ucsd.edu/RG_Climatology.html.
PATEL ET AL.
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2.3. Eddy Identification and Tracking
Before and during the voyage, we used AVISO near-real-time SLA maps and the Okubo-Weiss (OW) parameter to locate an eddy suitable for sampling. The OW parameter, given by OW = Sn2 + Ss2 − 𝜔2 , measures the
relative importance of vorticity over strain in fluid flow (Okubo, okubo1970horizontal; Weiss, 1991, 1991).
Sn = Ux − Vy is the normal, and Ss = Vx + Uy is the shear component of the strain; 𝜔 = Vx − Uy is the relative vorticity, with the subscripts denoting the partial derivatives in the eastward and northward directions,
respectively. The variables U and V are the eastward and northward surface current velocity anomalies,
respectively, estimated from SLA using the geostrophic balance.
Negative values of the OW parameter signify the dominance of rotation over deformation, which indicates
the presence of an eddy. The relative vorticity sign denotes cyclonic (negative) and anticyclonic (positive)
eddies. We followed Frenger et al. (2015) to identify an eddy by filtering OW < −0.2𝜎 OW , where 𝜎 OW denotes
the spatial standard deviation of OW. Although OW has several limitations such as underestimating eddy
surface area and amplification of noise, it proved an effective tool to identify eddies before and during the
voyage. We also compared our results with SST and chlorophyll maps to corroborate the eddy signature.
Infrared SST and chlorophyll data were suitable for creating multiple-day or week averages but not useful
for real-time eddy-tracking owing to contamination by cloud cover over the SO.
After the voyage, we employed the Faghmous et al. (2015) eddy-tracking software to study the eddy's life
cycle and to prepare eddy statistics for our study region. The eddy-tracking software allowed us to track
eddies without imposing any expert defined criteria with a detection accuracy of 96.4%. Eddies are dynamic
features that move in space at the same time as changing their characteristics in time. Therefore, tracking
eddies through time should be completed before applying expert-defined criteria, such as minimum amplitude and diameter, to filter eddies (Faghmous et al., 2014). This software also addresses premature track
termination and eddy-merging problems, which were not accounted for in previous detection algorithms
(e.g., Chelton et al., 2011). More details on the algorithm, and our amendment to allow regional analysis,
are provided in Appendix A.
We applied the eddy-tracking software to daily AVISO SLA maps to detect and track eddies. To identify the
center of an eddy, we compared each grid point with 15 neighboring grid points. The outer edge of an eddy
was defined by the default threshold of 0.05-cm SLA. We tracked only eddies whose size was ≥16 pixels
(∼100 km in diameter), allowing them to disappear for 1 day. Then, we analyzed all tracked eddies through
animation and identified our eddy. We observed that our eddy signature disappeared on 12 February 2016,
10 days after its formation but reappeared in the subsequent time step. The tracking software interpolated the
eddy characteristics across this gap. The amplitude of the eddy was calculated as the difference in magnitude
between the estimated basal height of the eddy boundary and the maximum/minimum value of SLA within
the eddy. The surface area parameter allows for noncircular eddies as it sums the area of pixels occupied
√ by
the eddy. However, to estimate the diameter, a circular shape is assumed and is calculated as Le = 2 · A∕π.
To verify the realization of the eddy and corroborate the eddy-tracking software performance, we used animations of SLA, geostrophic velocity, and OW parameter along with the eddy's center positions obtained
from the eddy-tracking software. We also tracked the eddy manually following the method used in Pilo
et al. (2015). We found that the position of the eddy center was consistent across methods and that the
eddy-tracking software produced smoother and more realistic tracks than that of the Pilo et al. (2015)
method. The eddy-tracking software also provides the additional information about amplitude, diameter,
shape of the eddy, and rotational speed (defined as the mean gesotrophic flow speed within an eddy), while
the Pilo et al. (2015) tracking method only returns amplitude and eddy center position.
2.4. Definition of Reference Profile
A reference CTD profile was required to characterize the difference in temperature, salinity, and density
inside the eddy relative to the surrounding SAZ waters and to determine the heat and salt content anomalies
of the eddy. The choice of reference profile varies in the literature. Examples include, an individual profile
outside the eddy (Morrow et al., 2004), a climatological profile (Kurczyn et al., 2013), and a composite reference profile (Joyce et al., 1981; Swart et al., 2008). We defined our reference profile to be the average of the
outermost CTD profile on each of the three radial transects (CTDs 3, 10, and 18, see Table 1 and Figures 1
and 5). These three CTDs were well outside the eddy core, and all of them had similar water properties typical of the SAZ environment (Rintoul & Bullister, 1999). The three profiles were located outside the outermost
PATEL ET AL.
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closed contour of relative vorticity, which coincided with the zero SLA contour, and outside the region of
maximum geostrophic velocity.
2.5. Estimation of Heat and Salt Content Anomalies
The method of computing the available heat content anomaly (AHA, in J/m2 ) and available salt content
anomaly (ASA, in kg/m2 ) in an eddy was first implemented by Joyce et al. (1981) for a cyclonic ring in
the Drake Passage and subsequently used by other studies (e.g., Morrow et al., 2004, 2003; Swart et al.,
2008). Joyce et al. (1981) defined the available heat anomaly of an eddy to be the heat “that is still available
after all density surfaces are flattened and subsequently constrained to remain so.” They also point out that
the available heat anomaly is closely linked to the available salt anomaly because of the requirement of
mass conservation. AHA and ASA are calculated for discrete profiles of temperature and salinity inside the
eddy and then integrated across the eddy to estimate its total heat and salt content. Density is used as the
vertical coordinate to eliminate vertical heave of the isopycnals due to internal waves passing through during
sampling. The vertical extent of the eddy must be defined prior to calculating AHA and ASA. We chose a
density range 26.5 to 27.5𝜎 𝜃 , which corresponds to a depth range from the sea surface to ∼1,000 m at the
center, and ∼1,400 m at the edge of the eddy.
Temperature and salinity profiles were first interpolated onto potential density relative to the sea surface,
with an interval of 0.02 kg/m3 . We used conservative temperature and absolute salinity (defined in Intergovernmental Oceanographic Commission, 2010; McDougall et al., 2012) in the computation of AHA and
ASA, respectively. This allowed us to estimate heat and salt content more accurately and enabled the use
of constant specific heat capacity throughout the water column (McDougall & Barker, 2011). For each CTD
profile, the AHA (J/m2 ) between isopycnal layers 𝜎 i and 𝜎 i − 1 = 𝜎 i − 0.1 kg/m3 is calculated as
AHA𝜎i = 𝜌i Cp hi [T𝜎i − T𝜎i (ref)],

(1)

where 𝜌i is the vertically averaged density between the isopycnals in kilograms per cubic meters; Cp is the
specific heat capacity at constant pressure (3,991.9 J/kg/K); hi is the thickness of the isopycnal layer in
meters; T𝜎i is the vertically averaged conservative temperature between the isopycnals (◦ C); T𝜎i (ref) is the
vertically averaged conservative temperature between the isopycnals from the reference profile (◦ C).
Likewise, ASA (kg/m2 ) between the isopycnals for a given profile is computed as
ASA𝜎i = 0.001𝜌i hi [S𝜎i − S𝜎i (ref)],

(2)

where S𝜎i is the vertically averaged absolute salinity between the isopycnals in grams per kilogram and
S𝜎i (ref) is the vertically averaged reference absolute salinity between the isopycnals in grams per kilogram.
Here 0.001 converts grams to kilograms.
The cross-diameter structure of the eddy's available heat and salt anomalies is represented as the vertical
sum of each profile of AHA and ASA, from the predefined maximum density of the eddy, 27.5 kg/m3 , to
the sea surface. The resulting sums 𝛴 AHA (J/m2 ) and 𝛴 ASA (kg/m2 ) are only a function of distance across
the eddy. Following Joyce et al. (1981) and Morrow et al. (2003), the total heat and salt content of the eddy
relative to its surrounding environment is then defined to be
R

=

∫r=0

R

2πr · ΣAHA · dr;  =

∫r=0

2πr · ΣASA · dr,

(3)

where dr is the distance between stations, R is the eddy radius, and 𝛴 AHA and 𝛴 ASA are vertically summed
heat and salt content at a station. The unit of  is in Joules and of  is in kilograms.

3. Results
3.1. Life Cycle
We tracked the eddy through its life cycle in maps of SLA (Figure 2). The eddy was first identified as a
closed contour of SLA in a meander of the SAF on 3 February 2016 (Figure 2a). The meander steepened
over the next month until the eddy detached on 3 March 2016 (Figure 2b), after which the meander relaxed
southward and followed a more zonal path. The eddy transited northward in the SAZ to a position near
147◦ E, 50.5◦ S, where we surveyed it between 30 March and 5 April 2016. The eddy subsequently moved
PATEL ET AL.
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southward again and then reattached to the same meander on 22 April
2016. The eddy remained in the meander until it dissipated on 21 May
2016 (Figures 2e and 2f).
The spatial pattern of the eddy's track is shown in Figure 3. The eddy traveled a total distance of 371 km from formation site to dissipation site at an
average propagation speed of 3.4 km/day. Its path consisted of northeast
movement for the first 36 days, westward for 16 days, southwestward for
19 days, and then finally southeastward along the meander until it disappeared. The eddy propagated faster before detachment from, and after
reattachment to, the meander at speeds of 6.6 and 3.4 km/day, respectively. While separated from the meander, the propagation speed was on
average 1.6 km/day. During the sampling period, the eddy was relatively
stationary, moving only 11.84 km over 7 days (1.7 km/day).

Figure 3. The eddy's track derived from the eddy-tracking software. Each
dot represents the detected eddy center each day. Green and red dots
delineate detachment from, and reattachment to, the meander, respectively.
Magenta dots delineate eddy movement during the sampling period. Green
asterisk and red star denote the beginning and end of the track, respectively.

Eddies tend to experience three phases in their lifetime (Pegliasco et al.,
2015). These are the growth phase (which is 20% of the lifetime),
mature/stable phase (next 60% of the lifetime), and decay phase (remaining 20% of the lifetime). Dynamical properties such as rotational speed,
amplitude, and diameter evolve according to these phases (Pegliasco
et al., 2015). Our voyage took place after the eddy had reached its mature
stage and had begun to approach its decay phase (Figure 4). During the
voyage, rotational speed of the eddy was almost constant while amplitude
and diameter of the eddy were decreased gradually (Figure 4).

The evolution of the eddy's dynamical properties during its lifetime is
depicted in Figure 4. Amplitude is negative for a Southern Hemisphere
cyclonic eddy, but here we refer to the absolute value of the amplitude for simplicity. When the eddy was
still trapped in the meander for the first 30 days, its rotational speed, amplitude, and diameter increased

Figure 4. Observed daily rotational speed (top) and amplitude (presented as absolute values, middle panel) and
diameter (bottom) over the life span of the eddy. All parameters are the output of the eddy-tracking software. Green
vertical dashed line and red vertical dot-dashed line delineate detachment from and reattachment to the meander.
Vertical magenta shading defines the sampling period (30 March 2016 to 5 April 2016).
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Figure 5. Profiles of absolute salinity (left) and conservative temperature (right) across the eddy and at the
Subantarctic Front (where the eddy formed), colored by 100/1,500 dynamic height to illustrate the position of each
profile relative to surrounding the Subantarctic Zone waters (red). The Subantarctic Front profile is dark blue. Profiles
at the center of the eddy are light green. Black line depicts our reference profile. Gray dashed line indicates March and
April climatological reference profile derived from Roemmich and Gilson (2009) Argo climatology.

rapidly (7.5 to 73 cm/s, 5 to 40 cm, and 104 to 205 km, respectively) for the first 15 days. About 2 weeks
before the eddy detached, the amplitude and diameter gradually decreased, while the rotational speed continued to increase. Three days before the eddy detached from the meander, there was a rapid increase in all
three parameters. The rotation speed slowed as soon as the eddy detached, but the amplitude and diameter continued to increase rapidly for two more days before becoming more steady. Then, rotational speed
and amplitude increased gradually and peaked over the next ∼15 days to ∼84 cm/s and 60 cm, respectively.
After the peak, rotational speed and amplitude decreased gradually. Once the eddy reattached to the meander, rotational speed and amplitude decreased rapidly (31 to 9 cm/s and 30 to 5 cm, respectively) over the
30 days from reattachment to dissipation.
The eddy diameter was ∼104 km at formation, increasing to a peak of ∼218 km on 27 March just prior
to sampling and then declining to ∼126 km before the eddy dissipated. The median rotational speed and
diameter over the life span of the eddy were 43.6 cm/s and 179 km, respectively. Therefore, the angular
velocity of the eddy was 4.87 × 10−6 rad/s, which means it would take 14.8 days to complete one revolution.
Given that the life span of the eddy was 109 days, it likely would have completed 7.4 revolutions over its
life span.
3.2. Physical Properties
Hydrographic profiles of absolute salinity (hereafter, salinity) and conservative temperature (hereafter, temperature) are plotted in Figure 5. They are colored by dynamic height of the 100-dbar pressure surface
relative to 1,500 dbar to identify their position relative to the surrounding, higher dynamic height SAZ
waters. Dynamic height decreases monotonically from the edge of the eddy to its center and therefore is an
excellent indicator of the position of profiles in the eddy. Both temperature and salinity decreased from the
edge of the eddy (red profiles, highest dynamic height), toward the center (green profiles, above 900 dbar).
Below 900 dbar, the center of the eddy was saltier but still colder than the surrounding waters.
The difference between the eddy properties at its center and the properties in the SAF near where the
eddy was formed (Figure 5, dark blue, lowest dynamic height) indicated substantial change in water mass
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properties over the eddy's life span. The eddy's center was warmer than
in the SAF at all depths, although the temperature difference varied with
depth. The eddy center was slightly saltier than the SAF water above
200 dbar and fresher below (Figure 5). The convergence of all profiles
near 1,500 dbar is an indication of the presence of Upper Circumpolar
Deep Water (UCDW, oxygen minimum layer [175–180 𝜇 mol/L]), identified as salinity near 34.7 and density near 27.6 kg/m3 (Figure 6). Note
the high-frequency vertical variability below 100 dbar in salinity and temperature profiles, suggestive of active stirring on isopycnals in the eddy
(Figure 5), which will be examined in a subsequent manuscript.

Figure 6. 𝛩-S diagram for all the conductivity-temperature-depth casts in
Table 1, colored by dissolved oxygen. Different types of water observed in
the Southern Ocean south of Tasmania are labeled (Rintoul & Bullister,
1999; Rintoul & Sokolov, 2001). UCDW = Upper Circumpolar Deep Water.

Water mass properties of temperature, salinity, and dissolved oxygen
(Figure 6) suggested the core of the eddy was formed from Antarctic
Surface Water above Antarctic Intermediate Water and UCDW. Subantarctic Mode Water (SAMW) was not present in the core of the eddy
but encroached from the sides of the eddy between 100 and 800 dbar.
This structure was consistent with the eddy having been formed south of
the SAMW subduction region and moving northward into the SAZ where
new ventilation by SAMW occurred.

Full-diameter hydrographic sections of temperature, salinity, and potential density distribution are presented in Figure 7. The sections revealed strong doming of isotherms and isopycnals as expected for a
cold-core eddy. The surface mixed layer extended to approximately 100 dbar, and potential density of
26.6 kg/m3 , with horizontal gradients of warmer and saltier water at the edge of the eddy to cooler and
fresher at the center. The doming of isopycnals extended from below the mixed layer to the limit of observations at 1,500 dbar. The extent of the isopycnal displacement is indicated by the 5 ◦ C isotherm, which was
found at 150 dbar at the center of the eddy, 650 dbar shallower than its expected pressure in the SAZ (Rintoul et al., 2001). The salinity structure was more complicated. Isohalines domed upward to around 800 dbar
beneath a bowl of relatively fresh water. The low salinity bowl (<34.4 g/kg) at the center was encroached
upon by the 34.5-g/kg isohaline between 100 and 900 dbar (Figure 7, middle).

Figure 7. Vertical distribution of conservative temperature (left), absolute salinity (middle), and potential density (right). Black contours show potential density
contours. This transect across the eddy was generated by merging conductivity-temperature-depth (CTD) transects B and C (for location, see Figure 1). Vertical
dashed lines show CTD station positions. Top x axis represents CTD cast number.
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Figure 8. Vertical section of anomalies of conservative temperature (left), absolute salinity (middle), and potential density (right) on pressure levels relative to
the reference profile representing ambient Subantarctic Zone water. Vertical dashed lines indicate conductivity-temperature-depth stations. Top x axis indicates
conductivity-temperature-depth cast numbers.

Sections of property anomalies were constructed by subtracting reference profiles defined in section 2.4 from
temperature, salinity, and density (Figure 8) on pressure levels. The maximum temperature anomaly at the
eddy center was more than 5 ◦ C colder than the SAZ reference profile at a depth of 210 dbar (Figure 8, left).
The temperature anomaly decreased monotonically to close to 0 at 1,500 dbar. A temperature minimum was
evident in the mixed layer at the center of the eddy, but its magnitude was only 2 ◦ C, much smaller than
deeper anomalies.
The maximum salinity anomaly was fresher than the reference profile by more than 0.7 g/kg at a depth
of 100 dbar, right at the base of the mixed layer (Figure 8, middle). The salinity anomaly decreased monotonically with depth and changed sign near 900 dbar, suggesting a dipolar salinity structure in isobaric
coordinates. A weaker salty anomaly of 0.1 g/kg was centered at 1,300 dbar. In the mixed layer, the salinity
at the core of the eddy was still 0.4 g/kg fresher than at the edge, suggesting that the salinity signature of the
eddy was not eroded as fast as its temperature signature, as has been reported in previous studies (Morrow
et al., 2004).
The potential density anomaly (Figure 8, right) was positive from 150 dbar, just below the mixed layer,
identifying the location and intensity of isopycnal doming throughout the water column. The maximum
anomaly of 0.3 kg/m3 was centered at 600 dbar. At the maximum depth of the observations the density
anomaly in the eddy center was still more than 0.1 kg/m3 . A negative density anomaly dominated the mixed
layer, indicating the influence of the salinity minimum on the stratification.
We prepared sections of property anomalies, computed on potential density surfaces, to identify the vertical extent of the eddy trapped water as presented in Figure 9. The main advantage of density as vertical
coordinate is that it isolates the horizontal variation of water masses due to movement of density surfaces associated with available potential energy of the eddy (Joyce et al., 1981). The temperature anomalies
increased rapidly from around 1 ◦ C in the mixed layer to a maximum value of 4 ◦ C in the core at 26.75
isopycnal and then gradually decreased to almost 0 at 1,500 dbar. Similarly, the salinity anomalies increased
rapidly from 0.5 g/kg in the mixed layer to a maximum value of 0.75 g/kg in the core near 26.7 isopycnal and then gradually declined to <0.05 g/kg at 1,500 dbar. The distribution of anomalies indicates that
our observations captured the full horizontal extent of the eddy, whereas the deepest part of the eddy was
not captured by our survey. However, the magnitude of both anomalies at 1,500 dbar is only 5–10% of the
maximum anomaly near 26.7 isopycnal and so will lead to only a small underestimate of the heat and salt
PATEL ET AL.

991

Journal of Geophysical Research: Oceans

10.1029/2018JC014655

Figure 9. Vertical section of anomalies of conservative temperature (left) and absolute salinity (middle) on potential density surfaces relative to the reference
profile representing ambient Subantarctic Zone water. The depth of isopycnals is shown in the right panel. The anomalies were calculated along the isopycnals.
Vertical dashed lines indicate conductivity-temperature-depth stations. Top x axis indicates conductivity-temperature-depth cast numbers.

anomalies of the eddy. The eddy was fresher than ambient water over its entire density range, which is in
contrast to the dipolar structure observed in the pressure coordinate (see Figure 8). The maximum temperature anomaly was 1 ◦ C lower than the anomaly on pressure surfaces in the core of the eddy whereas the
maximum salinity anomaly was the same on the both coordinate systems in the core of the eddy.
3.3. Velocity Distribution
Cyclonic rotation and asymmetry of the eddy were evident in the geostrophic velocity from both altimetry
and hydrography (Figure 10). The clockwise absolute geostrophic velocities were influenced by a jet coming
from the northwest and merging with the northern side of the eddy (Figure 10, top). This may have been
the cause of higher velocities on the eastern side and lower velocity on the western side of the center.
Subsurface geostrophic velocity was estimated from geopotential anomaly relative to a reference pressure of
1,500 dbar. Maximum velocities of >40 cm/s were observed above ∼300 dbar on either side of the quiescent
center (Figure 10, bottom) and decreased to 5 cm/s by ∼1,300 dbar. Strong velocities of (>20 cm/s) extended
from the surface down to 700 dbar on the northwestern side and to 850 dbar on the eastern side of the eddy.
Maximum velocity was centered below the surface on both sides of the eddy, approximately 100 dbar on
the northwestern side and 200 dbar on the eastern side. The absolute geostrophic velocity at the surface
(Figure 10, top) also indicated stronger velocities on the eastern side.
In Figure 11, absolute velocities from the SADCP are plotted as vectors at 40 and 500 m and as vertical
sections of tangential and radial components. Current vectors substantiate the presence of the mesoscale
cyclonic feature and horseshoe shape (stronger current speed on eastern and southern sides) at both depths
(Figure 11, top). The change in direction of vectors with depth, especially along the zonal transect (Figure 11,
top; highlighted in red) indicated tilting of the eddy's vertical axis.
The positive tangential velocities on either side of the center indicated clockwise (cyclonic) rotation of the
water column down to the limit of observations near 750 m, with velocities of >40 cm/s above 300 m on the
western side and velocities >50 cm/s extending to 450 m on the eastern side. Tangential velocity maxima
were found near 200 m on the western side and near 400 m on the eastern side, slightly deeper than that
of the geostrophic velocities (Figure 10). There was also a surface velocity maximum of >60 cm/s on the
eastern side of the eddy that was not apparent in the geostrophic velocity from CTD data.
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Figure 10. Geostrophic velocity distribution associated with the eddy. Horizontal distribution of absolute geostrophic
velocity derived from absolute dynamic topography averaged over sampling period (top). Vertical distribution of
geostrophic velocity with respect to 1,500 dbar (bottom) computed between each conductivity-temperature-depth
station (location of casts shown as dashed lines in bottom panel and black dots in top panel). Positive geostrophic
velocity indicates clockwise rotation (see text for detail). Top x-axis labels are conductivity-temperature-depth cast
number. Thick black contours represent maximum velocities of 42 cm/s.

Radial velocities (Figure 11, bottom) were negative on the western side of the eddy, indicating flow toward
the center, and positive on the eastern side, indicating flow away from the center. This pattern corroborates
the hypothesis of an eastward-flowing filament of the ACC, seen with altimetry (Figure 10), interacting with
the eddy to create asymmetry in the eddy's velocity field, weaker to the west and stronger to the east.
The magnitude of the absolute surface geostrophic velocities from altimetry were higher than the
geostrophic velocities estimated from hydrography. This difference suggested that the unknown reference
velocity at 1,500 dbar in the geostrophic calculation was of the order of 7 cm/s on the western side and
20 cm/s on the eastern side. Thus, all available velocity measurements concur on the strong cyclonic nature
of the eddy's circulation and asymmetric distribution of velocity both horizontally and vertically.
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Figure 11. Velocity distribution from SADCP associated with the eddy. Horizontal velocity distribution at depth 40 and
500 m (top) and vertical velocity distribution of tangential (middle) and radial velocity (bottom) along west to east
transect (highlighted in red, top panel) associated with the eddy. Positive tangential velocity indicates clockwise
rotation, and positive radial velocity indicates outward flow. SADCP = shipboard acoustic Doppler current profiler.

3.4. Available Heat and Salt Anomalies
The AHA and ASA computations were performed for the composite CTD transect, and the resulting vertical
distributions in isopycnal coordinates are presented in Figure 12 (top panels). They show a well-resolved
structure, capturing almost to the full vertical extent of the eddy in terms of the salt anomaly and the vast
majority of the vertical extent for the heat anomaly.
Heat content decreased rapidly with increasing density from −100 × 106 J/m2 in the mixed layer to a maximum value of approximately >−1, 200 × 106 J/m2 in the core at 26.95 kg/m3 . Salt content anomalies
increased from a weak negative anomaly to a maximum value of approximately −50 kg/m2 at 26.95 kg/m3 .
Positive anomalies of the heat and salt were found near either edge of the eddy. It appears that the negative
heat and salt content anomaly extended below the deepest isopycnal 27.45 kg/m3 . Therefore, our estimates
of heat and salt content of the eddy will be conservative.
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Figure 12. Distribution of available heat anomalies (a, AHA) and available salt anomalies (b, ASA) associated with the
eddy with potential density as the vertical axis. Vertical dashed-lines indicate conductivity-temperature-depth stations.
(c) Vertically summed AHA (left axis) and ASA (right axis) for given conductivity-temperature-depth stations, along
the full-diameter transect. AHA = available heat content anomaly; ASA = available salt content anomaly.

The AHA and ASA were next summed vertically from densities of 26.5 to 27.5 kg/m3 to give the heat and salt
anomalies of the eddy as a function of eddy diameter, 𝛴 AHA and 𝛴 ASA (Figure 12, bottom). The magnitude
of the heat and salt anomalies increased from the edge of the eddy toward the center. The maximum negative
heat and salt anomalies are −5 × 109 J/m2 and −200 kg/m2 , respectively, at the center of the eddy.
Using equation (3), we integrated from the center of the eddy along each of the three radial transects to get
three estimates of the total heat and salt anomalies associated with the eddy. Transects A and B are arranged
from the center to the eastern edge, and transect C is arranged from the center to the northwestern edge.
These estimates are presented in the Table 2. The eddy carried total available heat and salt anomalies of  =
−0.5 ± 0.1 × 1020 J and  = −2.1 ± 0.4√× 1012 kg, respectively, computed as a mean of three transects and the
standard error of the mean (𝜎M = 𝜎∕ N , where 𝜎 is standard deviation and N is sample size). The standard
error encapsulates the error associated with sampling the eddy in the presence of temporal variations during
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Table 2
Total AHA and ASA Associated with the Eddy Calculated from Various CTD
Transects using Equation (4)
Transect

 (J)

 (kg)

−0.67 ×

1020

−2.8 × 1012

−0.47 ×

1020

−2 × 1012

C

−0.34 ×

1020

−1.5 × 1012

Mean

−0.5 × 1020

A
B

Standard Deviation (𝜎 )

−0.17 ×

1020

−2.1 × 1012
−0.65 × 1012

sampling and the nonsymmetrical spatial structure of the eddy. Despite sampling at the same locations on
transects A and B, we sampled different parts of the eddy due to the eddy-structure rotation. We plotted
vertically integrated contents along the distance from the center, for each radial transects (see Figure 14).
The difference in contents between the transects were marginal for the stations close to the center and the
edge of the eddy, whereas that of pronounced for the middle stations. This difference can be attributed to
the variation of rotational speed along the eddy radius. The rotational speed increased from the center to a
maximum value at midradius and then declined to the edge, forming a bell shape.
We conducted some sensitivity tests to determine the robustness of our estimates of total available heat
and salt content anomalies,  and  . A primary source of error in our estimate of  and  is the choice
of reference profile. Our voyage was conducted during March/April when the SAZ is at its warmest and
saltiest, which could lead to an overestimate of the heat and salt content of the cool, fresh eddy. To test
the sensitivity of our heat and salt content anomalies to the reference profile, we recalculated them using a
climatological mean profile and monthly climatological profiles for March and April from the gridded Argo
atlas of Roemmich and Gilson (2009). We drew profiles from the climatology at the same positions, where
the three in situ profiles were made, and averaged them. We found that while the upper 500 m of the in situ
reference profile was warmer and saltier than all climatological profiles, the subsurface waters during the
voyage were colder and fresher than seen in the climatology (figure not shown). The resulting total available
heat and salt content anomalies were smaller using the annual mean climatological profile than the in situ
profile by 13% and 16%, respectively, and were 6% and 3% larger, respectively, when the March or April
climatological profiles were used. The in situ reference profile contained much greater vertical structure
that was also present in the profiles inside the eddy and was representative of the SAZ conditions at the time
of our observations. We are therefore confident that the in situ profile is the most appropriate, but note the
5–15% sensitivity of  and  to the choice of reference profile.
Note that we have used conservative temperature and absolute salinity to calculate heat and salt content
anomalies. We find that the heat anomaly computed from conservative temperature was 0.6% lower than
that from in situ temperature with varying heat capacity as calculated by Morrow et al. (2004). The salt
anomaly calculated from absolute salinity was 0.5% higher than that computed from practical salinity.
3.5. An Altimetric View of the Eddy Population
To assess the dynamical properties of the eddy in comparison to other eddies of our region, delimited by
45–55◦ S and 135–155◦ E, we prepared a census of eddies over the 22-year period (1993 to 2014) using Faghmous et al. (2015) eddy diagnostics and eddy-tracking software. We tracked 1,025 cold-core (cyclones) and
957 warm-core (anticyclones) with life span greater than 30 days. We subsampled the cold-core eddies to
find those that lived longer than 90 days to compare directly with our eddy properties. This filtering yielded
215 long-lived cyclones and 131 long-lived anticyclones that are formed in the region, regardless of their
formation mechanism. While there was some interannual variability in the number of eddies found in the
region, there was no detectable long-term trend. Since our census region was chosen to investigate cold-core
eddies, it is not optimal for warm-core eddies, many of which are generated by poleward warm meanders
further south. This may explain why fewer anticyclones were found.
From here on, we limit our investigation to cold-core eddies. These 215 eddies, comprising 32,385 realizations, had a median life span of 123 days. Their median amplitude, rotational speed, and equivalent diameter
were 13.4 cm, 13.1 cm/s and 167.2 km, respectively. The rotational speed and amplitude of our eddy were
larger than most eddies observed in the region. However, our eddy had a diameter and life span close to
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Figure 13. Histograms of rotational speed, diameter, amplitude, and life span of cyclonic eddies in our region of
interest (45–55◦ S; 135–155◦ E) with a lifetime greater than 90 days. Here Y axis represents the probability of observation
(number of observations in a bin/total number of observations) for rotational speed, diameter and amplitude. In (a)–(c),
the horizontal line shows the range observed for our eddy over its lifetime; the asterisk is the median for our eddy. In
(d), the Y axis is number of cyclones with a given life span. The cross mark in (d) depicts the life span of our eddy.

the median of the population (see Figure 13). We also constructed histograms for eddies observed in each
season (December–February, March–May, June–August, and September–November) in the same way as for
Figure 13 (not shown here). We observed no noticeable difference in the seasonal distribution of cyclonic
eddies' characteristics. We concluded that our eddy was a typical long-lived eddy for our region in terms of
diameter, but its amplitude and rotational speed were at the high end of the range compared with eddies in
the census.

4. Discussion
4.1. Observed Structure of a Cyclonic ACC Eddy
We sampled a cold-core (cyclonic) eddy in the SAZ to examine its vertical structure. We observed
eddy-induced uplifting of isopleths of temperature, salinity, and potential density that extended to the limit
of observations at 1,500 dbar (Figure 7). This deep penetration of the cyclonic eddy is consistent with earlier
studies. A 3-D eddy census revealed that south of Tasmania has the deepest eddies in the world (Petersen
et al., 2013). Phillips and Rintoul (2000) found that the eddy signature for south of Tasmania extend to
3,000 m. Joyce et al. (1981) and Swart et al. (2008) reported that cold-eddy rings in the Drake Passage and
south of Africa penetrate to at least 1,000 m based on field observation. Finally, a composite structure of SO
eddies showed that they penetrate to at least 2,000 m (Frenger et al., 2015).
The eddy was cold throughout the water column with a maximum cold anomaly of more than 5 ◦ C near
200 dbar (Figure 8). The eddy's salinity had a dipolar vertical structure when viewed in pressure coordinates,
with fresh anomalies from the surface to 900 dbar and a maximum fresh anomaly of >0.7 g/kg at the base
of the mixed layer. A weaker salty anomaly of about 0.1 g/kg was observed near 1,300 dbar, indicating the
presence of UCDW at shallower levels inside the eddy than found in the undisturbed SAZ. The temperature
and salinity anomalies resulted in a negative potential density anomaly that was less dense than surrounding
waters in the mixed layer and more dense from the base of the mixed layer to 1,500 dbar. The maximum
density anomaly was more than 0.25 kg/m3 centered at 600 dbar.
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Table 3
Selected Previous Estimate of Available Heat and Salt Anomalies for the Antarctic Circumpolar Current's Cyclonic Eddies
Region

Area (m2 )

Depth (dbar)

 (J)

 (kg)

Joyce et al. (1981)

Drake Passage

0.55 × 1010

1,100

−0.12 × 1020

−0.25 × 1012

Swart et al. (2008)

South of Africa

1.64 × 1010

1,000

−0.54 × 1020

−0.66 × 1012

South of Africa

1.64 ×

1010

1,500

−0.61 × 1020

−0.75 × 1012

0.79 ×

1010

1,000

1020

South of Tasmania

0.79 ×

1010

1,000

South of Tasmania

0.79 × 1010

1,500

a −0.32 × 1020

a −1.3 × 1012

South of Tasmania

1.67 × 1010

1,500

−0.5 × 1020

−2.1 × 1012

Author

Swart, depth adjusted
Morrow et al. (2004)
Morrow linear model
Morrow linear model, depth adjusted
This study

South of Tasmania

−0.19 ×
a

− 0.28 ×

1020

−0.82 × 1012
a

− 1.1 × 1012

Note. Depth is an approximate depth at the eddy center. Bold figures highlight the values from other studies that may be directly compared with  and  from
our study, having either been adjusted to account for incomplete sampling or were already complete, as in Joyce et al. (1981). See text for details of the linear
model and depth adjustment.
a Scaled estimate based on linear regression model.

The water mass anomalies inside our eddy were similar to those found for cold eddies south of Africa (Swart
et al., 2008), in Drake Passage (Joyce et al., 1981), and previously reported south of Tasmania (Morrow et al.,
2004). Our observations are also consistent with the composite structure for cold eddies found north of the
ACC as reported by Frenger et al. (2015). A strong mixed layer was present in the upper 100 dbar where
lateral gradients across the eddy were more than 2 times weaker than below the mixed layer. The mixed
layer capping had a substantial impact on biogeochemistry of the eddy (Moreau et al., 2017).
In our velocity observations, we observed that filaments of the ACC interacted with the eddy's velocity distribution, highlighting its asymmetric structure, and likely contributing to strong interleaving on isopycnals.
In future work, we will quantify the isopycnal stirring and diapycnal mixing that could be responsible for
the difference in the observed water mass properties of the eddy and properties in the SAF near where the
eddy was formed.
4.2. Available Heat and Salt Anomalies
The eddy's total heat content anomaly,  = −0.5 × 1020 J, and total salt content anomaly,  = −2.1 × 1012 kg,
are either more intense than or equivalent to those previously reported for ACC cyclonic eddies (Table 3).
In this section, we examined potential undersampling of the eddies in earlier studies, and where justified,
scale up the earlier estimates of heat and salt content anomalies.
The observations of Joyce et al. (1981) captured the full vertical and horizontal structure of the PF eddy as
shown in their Figure 16. However, their eddy only extended to 1,100 m, and its surface area was 3 times
smaller than ours, limiting the size of the heat and salt anomalies it could carry. It is not clear if these differences in eddy size were due to the difference between eddies generated in the PF and SAF, regional difference
between Drake Passage and south of Tasmania, or whether a smaller eddy was sampled in a population of
eddies with characteristics similar to those in our region. We observed similar vertical distribution of AHA
and ASA to Joyce et al.'s (1981) eddy; however, the core of their eddy had relatively lower heat and salt
anomalies than ours (their Figure 16, our Figure 12). Cold and fresh anomalies in their eddy were concentrated in the density range of 27.2 to 27.5 kg/m3 , whereas our anomalies were concentrated at lighter levels
from 26.6 to 27.3 kg/m3 .
The eddy of Swart et al. (2008) was sampled vertically to 1,000 m. However, in this case, the full vertical
extent of the eddy was not captured, and they reported that their estimate of AHA was likely biased low.
The diameter of their eddy was similar to ours, and their observations captured the full horizontal extent. To
quantify the missing AHA due to incomplete vertical sampling of the Swart et al. (2008) eddy, we subsampled
our eddy to 1,000 dbar, rather than the full 1,500 dbar. We find that it reduced the heat content magnitude to
88% of the full AHA. If we apply this factor to scale up Swart et al.'s (2008) 1,000 dbar to a 1,500-dbar estimate,
we obtain −0.61 × 1020 J. For salt, the scaling factor is the same and the Swart et al. (2008) estimate scales up
to −0.75 × 1012 kg. This implies the heat content for their eddy is 1.2 times higher than our eddy, and their
salt content is still 2.8 times smaller. In comparison to our eddy's heat and salt content structure (Figure 12),
their eddy had quite different structure; see their Figure 9. The core of their heat content anomaly was on a
much denser isopycnal than that of salt content anomaly (27.7 vs. 27.4 kg/m3 ). For our eddy, the heat and
salt content anomaly cores were both centered on the isopycnal 26.95 kg/m3 . These results suggest that the
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difference between these two eddies is likely due to regional heterogeneity rather than eddy size and may be influenced by differences due to
random sampling in both studies of an eddy population with a range of
characteristics in the respective locations.
Morrow et al. (2004) reported the first estimate of total AHA and ASA
south of Tasmania based on two CTD casts that glanced the edge of an
eddy (see their Figure 10d, red contour, approximate location is shown in
Figure 1, plus sign). Their CTDs were approximately 50 km from the center of the eddy and so did not sample the deep cold, fresh center of their
eddy. For our eddy, the AHA and ASA at 50 km are only ∼51% and ∼ 57%
of the value in the center, respectively. To quantify the underestimate,
we developed a linear relationship between AHA/ASA and distance from
the center (R) of our eddy as shown in Figure 14. We tested various
curve-fitting techniques to reduce root-mean-square error and improve
R2 value of the fit to the heat and salt content. Owing to the marginal
impact of different curve-fitting techniques on root-mean-square error
and R2 value, our linear-fit seemed appropriate for the estimation. We
Figure 14. Linear regression model for available heat anomaly (top) and
available salt anomaly (bottom) from all 18 conductivity-temperature-depth also plotted the 𝛴 AHA and 𝛴 ASA reported by Morrow et al. (2004) in
profiles sampled in the eddy. Morrow et al. (2004) values of total AHA and
Figure 14. Their estimate of heat and salt at 50 km is in close agreement
ASA are marked as asterisk. AHA = available heat content anomaly;
with our estimate, indicating that both eddies were likely to have simiASA = available salt content anomaly.
lar contents. Using the linear relationship and equation (3), we computed
the total heat and salt content anomalies for the Morrow et al. (2004) eddy
that are of −0.28 × 1020 J and −1.1 × 1012 kg, respectively. If we then
scale up their 1,000-dbar estimate to 1,500 dbar, as we did for the Swart et al. (2008) eddy, we find a total
heat content for the Morrow et al. (2004) eddy of −0.32 × 1020 J and salt content of −1.3 × 1012 kg. These
are 0.64 times smaller for heat and 0.62 times smaller for salt than found in our eddy in the same region.
Based on our scale adjustments to the results reported in earlier studies, we suggest that previously reported
total heat and salt content anomalies of SAF eddies south of Tasmania were underestimated by a factor of
2.6 for heat and 2.5 for salt, owing to incomplete eddy sampling. Therefore, the total heat and salt content
of a cold-core SAF eddy entering the SAZ is substantially more than previously reported. We next examine
the impact of this on our understanding of the poleward transfer of heat and salt.
4.3. Poleward Fluxes of Heat and Salt
We combine the detailed in situ observations of our cold-core eddy with the eddy census from satellite
altimetry. This approach assumes that a snapshot of one eddy at one time can be used to track the evolution
of the eddy's heat and salt content over time, based on its surface characteristics of amplitude and diameter. It also assumes that this relation holds for all cold-core eddies formed over our 20◦ longitude region and
that any variations in the eddy's vertical structure and heat/salt content are captured by this simple relation.
All of the eddies that we are considering are generated from instabilities in the SAF that capture water from
south of the SAF. Thus, the isopycnal tilt in each eddy and the properties of the core are likely to be similar in
all of the eddies. Given the sparsity of observations, we believe the approach is justified as a means to obtain
an in situ estimate of poleward fluxes that extends beyond our single snapshot observations. Nonetheless,
the approach is supported by the fact that temperature and salinity characteristics (at any discrete depth or
integrated across them) can be directly related to the SLA in the SO. The approach has been used to great
advantage in the development of gravest empirical mode climatologies (Sun & Watts, 2001) and time-varying
fields (Meijers et al., 2011; Swart et al., 2010).
We aim to quantify the impact of the historical population of eddies on the poleward flux of heat and salt
through the cooling and freshening of the SAZ by cold-core SAF eddies in the longitude range 135–155◦ E.
We first of all define a relationship between the subsurface heat and salt content of our eddy from the in
situ observations and the surface expression of the eddy revealed by the tracking algorithm. The Integrated
Surface Elevation (ISE) gives an approximation to the volume of the eddy that rises above the zero SLA
contour. If we assume that the elevated surface of an eddy has a conical shape, then ISE can be calculated
as 1/3 × Surface Area × Amplitude. The average amplitude and surface area of our eddy at the time of
the sampling, based on the satellite SLA data and extracted by the tracking software, were 45.87 cm and
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3.085 × 104 km2 , respectively, giving an ISE for the survey period of 4.72 × 109 m3 . The surface area parameter
is readily obtained from the eddy-tracking software and is based on the number of pixels occupied by the
eddy at a given time, and does not assume that the eddy is circular (Faghmous et al., 2015). If we assume a
linear relationship between ISE and eddy heat and salt content as in Swart et al. (2008), we can determine a
simple empirical relationship between the time-varying ISE of the cold-core eddy and its time-varying total
heat and salt content anomaly, assuming that our eddy is typical. Thus, an empirical relationship between
the total heat/salt content and ISE from our eddy is
 = −1.06 × 1010 · ISE(J);  = −445 · ISE(kg).

(4)

We can then apply this relationship to estimate the amount of heat and salt delivered into the SAZ by
the entire population of cold-core SAF eddies during the altimetry period based on their amplitude and
surface area.
In section 3.5, we detected 215 cyclones in 22 years (1993–2014), 63 of which were long-lived (>90 days)
eddies that could be identified as forming due to SAF instability. Among these eddies, 29 (46%) dissipated
in the SAZ and 29 (46%) dissipated in the SAF, while the fate of 5 (8%) eddies was undecided because they
left the study region.
We divided the 63 eddies into three categories based on their dissipation site and examined their life cycle
through satellite animation. We observed that 46% of eddies detached from the SAF meander and never
returned to the SAF losing their heat to the SAZ. From 46% of eddies that dissipated in the SAF, 15 eddies
never left the SAF after they were formed and so contributed no heat at all into the SAZ and 14 eddies
spent some amount of time in the SAZ before they were reabsorbed into the meander, thereby contributing
a fraction of their heat anomaly to the SAZ. We calculated their heat contribution to the SAZ by subtracting
their heat anomaly at dissipation from their maximum heat anomaly and similarly for salt anomaly.
The eddies that dissipated in the SAZ carried a total of −1.25 × 1021 J, while the eddies that dissipated in
the SAF contributed of −0.7 × 1021 J to the SAZ. Therefore, the total heat transferred into the SAZ by all
long-lived cold-core eddies over the 22-year period is −1.95 × 1021 J. On average, cold-core eddies contribute
an annual heat anomaly of −0.89 ± 0.11 × 1020 J into the SAZ, over the 20◦ longitude region.
Likewise, the eddies that dissipated in the SAZ transport a total salt anomaly of −5.25 × 1013 kg, while
the eddies that dissipated in the SAF contributed of −2.94 × 1013 kg to the SAZ. Therefore, the total salt
transferred into the SAZ by all long-lived cold-core eddies over the 22-year period is −8.19 × 1013 kg. Thus,
on average, cold-core eddies contribute an annual salt anomaly of −3.72 ± 0.46 × 1012 kg into the SAZ over
this region.
The empirical relationship that we used to estimate total heat and salt content from ISE of eddies found
in the altimeter record has errors from the in situ estimate of heat and salt content for our observed eddy
and errors associated with the measurement of the amplitude and surface area of the eddy from altimetry.
Rather than estimating errors associated with each of these and propagate them through the calculation, we
take a simpler approach. Possibly the largest source of error in this calculation is in the eddy detection step.
We have found the tracking algorithm to be very reliable when compared to a manual tracking method for
individual eddies. However, we may overestimate or underestimate the number of eddies from one year to
the next. We define an error bar for the total heat transport into SAZ by the long-lived cold-core SAF eddies
in the altimeter record to be the standard error in the mean transport by eddies found in three overlapping
11-year periods (1993–2003, 1998–2008, and 2004–2014). As we did for the 22-year period, we identified the
eddies that are formed at the SAF and deliver heat to the SAZ in each 11-year block, and we determined the
annual heat transport in each 11-year block table 4. We calculate the standard error from the three estimates
and use this as our error estimate for the total heat transport per year by long-lived cold-core eddies in our
region. We do a similar calculation for salt transport. The result is an error bar of 0.11 × 1020 and 0.46 × 1012
for the total heat and salt transport into the SAZ, respectively.
The amount of heat carried by long-lived cold-core eddies south of Tasmania was compared with the
Foppert et al. (2017) satellite-proxy-derived EHF for the same region (shown as a dashed box in Figure 1).
We followed the Foppert et al. (2017) calculation to determine the time mean, depth integrated to 2,000 m,
downgradient EHF over the same period as our eddy census (Figure 15). We used EHF = A · H∗B , where
H∗ is the SSH standard deviation calculated for the period 1993–2014, where A = −1.85 ± 0.17 × 104 and
PATEL ET AL.

1000

Journal of Geophysical Research: Oceans

10.1029/2018JC014655

Table 4
Total Heat and Salt Anomaly Carried Into Subantarctic Zone by the Eddies That Dissipated in SAZ and SAF Over Three
Overlapping 11-Year Periods, Estimated From Equation (4)
 (J)

Eddies
Period

 (kg)

SAZ

SAF

SAZ

SAF

SAZ

SAF

1993–2003

17

6

−6.95 × 1020

−3.73 × 1020

−2.92 × 1013

−1.57 × 1013

1998–2008

12

4

−4.68 × 1020

−1.85 × 1020

−1.96 × 1013

−0.78 × 1013

2004–2014

12

8

−5.52 × 1020

−3.29 × 1020

−2.32 × 1013

Annual standard error of mean

0.11 ×

1020

0.46 ×

−1.38 × 1013
1012

Note. SAF = Subantarctic Front; SAZ = Subantarctic Zone.

B = 3.95 ± 0.12 are the best fit power law coefficients as reported by Foppert et al. (2017). Also shown in
Figure 15 are the trajectories of the 63 long-lived SAF eddies captured in our census. We find an average
EHF over our region of −2.95 × 1014 J/m/year (converted from −9.35 MW/m). If we multiply by the zonal
distance of the 20◦ box (1.4 × 106 m), we obtain an annual flux of −4.13 × 1020 J. Our estimate of the annual
heat transport into the SAZ by all cold-core eddies in the same region is −0.89 × 1020 J. We conclude that the
annual poleward heat flux due to long-lived cold-core eddies moving into the SAZ between 135◦ E and 155◦
E is 21.5% of the total poleward heat flux by all heat transfer mechanisms across this 20◦ longitude band.
The other possible mechanisms include warm-core eddies moving into the PF Zone, short-lived eddies of
both sign, and smaller-scale processes that are not resolved by the altimeter. It is possible that some of these
small-scale processes could counteract the poleward flux of heat by the long-lived eddies through restratification of the water column. The hotspot of EHF to the south of the SAF between 148◦ E and 153◦ E where
a large poleward meander exists is likely to be the domain of warm-core eddies fluxing heat poleward. So,
while the cold-core eddies appear to be responsible for approximately 21% of the poleward heat flux, they
do this more uniformly across the domain than warm-core eddies, which appears to be more intense and
very localized.

Figure 15. Poleward eddy heat flux calculated following Foppert et al. (2017) (shading). Trajectories of 63 long-lived
cold-core eddies formed at the Subantarctic Front (SAF) between 1993 and 2014. First recorded position is marked by a
dot. Three categories of eddies are shown: eddies that are dissipated in the Subantarctic Zone (SAZ; black), eddies that
enter the SAZ but return to the SAF prior to dissipating (magenta), and eddies that never leave the SAF (cyan). Black
contours show climatological positions of the northern and southern branches of the SAF estimated over the 22-year
period (1993–2014), based on absolute dynamic topography of 0.2 and −0.4 m, respectively (Sokolov & Rintoul, 2009).
EHF = eddy heat flux.
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We also estimate the impact of cold-core eddies on the freshwater budget of the SAZ in the same manner
as Morrow et al. (2004). We consider the fresh capping by Ekman transport into the SAZ to be a 50-m-deep
layer holding a salinity anomaly of −0.6 g/kg, extending 50 km north of the SAF and extending 20◦ zonally
(1.4 × 106 m). This amounts to a total salt anomaly of −2.2 × 1012 kg due to Ekman transport. The annual salt
anomaly calculated from our eddy census is −3.72 × 1012 , which is about 1.7 times that carried by Ekman
transport. As such, we believe that long-lived cold-core eddies are as important as the Ekman freshwater
flux in controlling the freshwater budget of the SAZ.
Hogg et al. (2015) find a decadal increase in eddy kinetic energy since the early 1990s that has occurred in
conjunction with the increasing trend in the Southern Annular Mode in recent decades. While we found no
evident interannual trend in the number of eddies in our census region, increased eddy kinetic energy across
the ACC could be carried by more intense eddies, with a corresponding increase in poleward eddy heat
and salt fluxes. This will likely have important consequences to the water mass properties of the northward
branch of the shallow overturning circulation via SAMW and potentially to the uptake of heat and carbon
dioxide in the SAZ.

5. Conclusion
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Mesoscale eddies are ubiquitous in the SO and play a critical role in the poleward transport of heat and salt.
Our study provides new insights into the role played by cold-core SAF eddies in this transport by characterizing the three-dimensional structure of a cold-core eddy, based on field observations south of Tasmania.
Our results show that the heat and salt anomalies carried by this type of eddies have been previously underestimated by a factor of approximately 2.6 for heat and 2.5 for salt, largely due to incomplete eddy sampling
in south of Tasmania. We propose that these eddies contribute approximately 21% of the total poleward EHF
across the SAF, with the remainder being contributed by short-lived cold core eddies, warm-core eddies, and
smaller scales. The annual freshwater flux into the SAZ by long-lived cold-core eddies is of the same order
of magnitude as the Ekman freshwater flux in this region. Increased eddy activity as projected for the future
could have a substantial impact on the heat and salt budgets of the SAZ and consequently on the uptake of
heat and carbon dioxide into the SO.

Appendix A: Amendment to Faghmous Tracking Algorithm
The eddy-tracking software is based on a geometric definition such that every eddy must have a single
extremum inside a closed contour of SLA. The extremum is defined by comparing each grid point with its
neighboring grid points. Once extrema are defined, the software searches for closed contours surrounding
those extrema to exclude noneddy features, such as frontal meanders. The software tracks eddies through
time following the Chelton et al. (2011) method with an additional feature that allows an eddy to disappear
for some user-defined period, depending on the temporal resolution of data.
We adapted the tracking algorithm of Faghmous et al. (2015) to better suit the tracking of eddies within
a small region. This was necessary to obtain correct diameter of eddies. The surface area estimation algorithm of Faghmous et al. (2015) generated erroneous “area map.mat” file, and therefore spurious diameter of
eddies, while applied for our regional study. We modified the surface area estimation algorithm by making it
dependent on given latitudes and longitudes. Therefore, the new algorithm is best suited for both regionaland global-scale studies.
We have rewritten a script (set_up_ssh_data.m) for the regional application of Faghmous et al. (2015) software to preprocess SLA data, renamed to set_up_data_regional.m . Further detail pertaining to the script is
given in the technical document. The technical document and scripts are available from authors.
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