
RESEARCH ARTICLE
10.1002/2015JC011026

Do East Australian Current anticyclonic eddies leave
the Tasman Sea?
Gabriela S. Pilo1,2, Peter R. Oke2, Tatiana Rykova2, Richard Coleman1,3, and Ken Ridgway2

1Institute for Marine and Antarctic Studies, University of Tasmania, Hobart, Tasmania, Australia, 2CSIRO Oceans and
Atmosphere Flagship, Hobart, Tasmania, Australia, 3Antarctic Climate and Ecosystems CRC, Hobart, Tasmania, Australia

Abstract Using satellite altimetry and high-resolution model output we analyze the pathway of large,
long-lived anticyclonic eddies that originate near the East Australian Current (EAC) separation point. We
show that 25–30% of these eddies propagate southward, around Tasmania, leave the Tasman Sea, and
decay in the Great Australian Bight. This pathway has not been previously documented owing to poor
satellite sampling off eastern Tasmania. As eddies propagate southward, they often ‘‘stall’’ for several
months at near-constant latitude. Along the pathway eddies become increasingly barotropic. Eddy intensity
is primarily influenced by merging with other eddies and a gradual decay otherwise. Surface temperature
anomaly associated with anticyclonic eddies changes as they propagate, while surface salinity anomaly
tends to remain relatively unchanged as they propagate.

1. Introduction

Ocean eddies play a critical role in the distribution of heat and other properties in the world’s oceans [e.g.,
Wunsch, 1999; Jayne and Marotzke, 2002]. The most energetic eddies are found in western boundary current
(WBC) regions [Chelton et al., 2011]. The East Australian Current (EAC) is the WBC of the South Pacific Sub-
tropical Gyre. It is characterized by a warm, poleward current that flows as a jet between about 20–318S off
eastern Australia before separating from the coast at 31–328S [Godfrey et al., 1980]. At this latitude band, the
EAC retroflects and degenerates into a complex field of mesoscale eddies [e.g., Nilsson and Cresswell, 1980;
Ridgway and Godfrey, 1997]. The EAC anticyclonic eddies form in the retroflection region (denoted in Figure
1) approximately every 90–100 days [e.g., Bowen et al., 2005; Mata et al., 2006]. These eddies have been
shown to be important for the circulation, influencing the water mass distribution and transformation in the
Tasman Sea, coastal upwelling [e.g., Tranter et al., 1982] and biological productivity [e.g., Griffiths and Brandt,
1983; Baird et al., 2011; Everett et al., 2012].

Previous analyses of EAC eddies indicate that they typically stay close to the continental slope between their
formation region and about 408S [Everett et al., 2012; Pilo et al., 2015]. However, some large anticyclonic
eddies have also been identified off south-eastern Tasmania. For example, Baird and Ridgway [2012] and
Pilo et al. [2015] show anticyclonic eddies, tracked in gridded altimetry, propagating from the Southern Tas-
man Sea region, crossing south of Tasmania, and advecting toward to the Great Australian Bight (GAB, Fig-
ure 1). We also note that the westward flow south of Tasmania is a component of the so-called Southern
Ocean super-gyre, described by Ridgway and Dunn [2007]. This super-gyre is reported to include a continu-
ous flow, on average, southward off south-eastern Australia, around the southern tip of Tasmania, and
extending toward the Indian Ocean. These papers lead us to hypothesize that long-lived EAC eddies may
follow this pathway. While it is agreed that EAC anticyclonic eddies propagate southward to about 408S, the
link between eddies shed by the EAC and eddies that propagate toward the GAB is unclear.

In this paper, we make a direct link between EAC anticyclonic eddies, that form in the EAC retroflection
(�318S) and leave the region, and anticyclonic eddies propagating toward the GAB (Figure 1, white line).
Using data from an eddy-resolving, near-global ocean model and gridded sea level anomaly (SLA) maps, we
manually track anticyclonic eddies that originate in the EAC retroflection and leave this formation region—
and follow their evolution as they flow southward, adjacent to the continental slope, to the southern tip of
Tasmania. This link between EAC eddies and eddies near the GAB has not been previously documented.
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Details of the ocean model and observations used in this study are described in section 2, along with a
description of our eddy-tracking method used here. Results are presented in section 3, where we look
closely at the evolution of two ocean model eddies. Discussion and conclusions on our main findings are
presented in section 4.

2. Data and Methods

2.1. Model
In this study, we use the output from the last 19 years of a 36 year run of the Ocean Forecasting Australian
Model, version 3 (OFAM3) [Oke et al., 2013]—a near-global eddy-resolving configuration of the GFDL Modular
Ocean Model, version 4p1 [Griffies et al., 2004]. The model has 1/108 horizontal grid spacing between 758S
and 758N. The vertical grid is z? , with 51 vertical levels, with 5 m spacing near the surface, 10 m spacing at
200 m depth, and coarser below that. OFAM3 is forced with 3 hourly surface heat, freshwater, and momen-
tum fluxes from ERA-interim [Dee and Uppala, 2009], with restoring to monthly SST [Reynolds et al., 2007, 10
day restoring time scale]; weak restoring to surface climatological salinity (180 day restoring) [Ridgway and
Dunn, 2003]; and weak restoring to climatological temperature and salinity below 2000 m depth (restoring
time scale of 180 days). Oke et al. [2013] provide a comprehensive description of all aspects of OFAM3, and
show that the mean and variability of the model fields generally agree well with observations.

2.2. Observations
We supplement the analysis of the model fields with gridded SLA maps from two different products. We
use SLA maps from the Aviso Reference Series (1/38 grid, 7 day maps using data from two altimeters [Ducet
et al., 2000]); and OceanCurrent (1/48 grid, 4 day maps using data from all available altimeters [Deng et al.,

Figure 1. (a) Map of the time-averaged (1993–2012) and (b) 90th percentile formal mapping error, presented as a percentage of the signal
variance, for the Aviso Reference Series SLA maps. White contours show topography from 1000 to 6000 m spaced every 1000 m. The thick
white line denotes the eddy pathway that is discussed throughout this paper.
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2010]). We use OceanCurrent (an Australian data set produced by the Integrated Marine Observing Sys-
tem—IMOS) in addition to Aviso, because it has been extensively validated in the region of interest. Both
Aviso and OceanCurrent use different versions of the same �7 km resolution along-track altimetry (i.e.,
processed independently). The length scales used for the objective mapping range from 100 km in the
zonal and meridional directions at 608S–608N, to 250 (350) km in the meridional (zonal) direction at the
equator.

2.3. Limitations
Both the model and altimeter-based products used in this study have limitations. The model only repre-
sents a subset of the ocean variability. Horizontally, the model resolves features larger than �50 km (five
model grid points). Furthermore, the model has poor vertical resolution at depth, particularly below
2000 m, where temperature and salinity fields are restored to climatology [Oke et al., 2013]. For this reason,
we restrict our analysis of the model fields to the top 2000 m. The model also has limitations associated
with resolution and accuracy of surface forcing fields and topography. These limitations result in some sys-
tematic errors in the model, as described by Oke et al. [2013].

Although the altimetry gridded SLA fields are based on observations, they also have limitations. The altime-
ter products depend strongly on the assumed decorrelation length-scales and on the sampling of the altim-
eter tracks. For the Aviso Reference Series used here (i.e., maps produced by merging data from two
satellites) the mapping error is below 10% of the signal variance for most of the study region (Figure 1a) [Le
Traon et al., 1998], but can reach more than 25% of the signal variance (see the formal mapping error 90th
percentile in Figure 1b). However, there are local maxima in the mapping error (Figure 1) that, as we will
argue, have important implications for this study. The repeat cycle of different altimeters is between 10 and
35 days, and the average spacing between altimeter tracks in the merged product is about 40 km at midlati-
tudes. Consequently, it is reasonable to expect that the altimeter SLA maps do not reproduce all of the true
mesoscale variability of the ocean. This means that analyses of the mesoscale ocean circulation based solely
on SLA maps may sometimes be misleading. Indeed, the eddy pathway we identify in this study is not clear
in gridded SLA fields or in SLA-derived products [e.g., Chelton et al., 2011]. We show that this lack of clarity
in the observations is explained by relatively high mapping error at a key region along the identified EAC
eddy pathway (e.g., off north-eastern and central-eastern Tasmania; see Figure 1). It is likely that this is why
the eddy pathway we identify has not been previously documented.

2.4. Eddy Tracking
In this study, we track eddies manually. We chose this approach for two reasons. First, because we are ana-
lyzing only a small number of eddies we can afford to track each eddy carefully. This is crucial during com-
plex ‘‘events,’’ such as merging, observation gaps, and periods when the eddy becomes anisotropic.
Second, the EAC is a challenging region for automated eddy-detection algorithms. Authors of different
automated eddy-tracking methods [e.g., Chaigneau et al., 2008; Chelton et al., 2011] note that the algorithms
are not perfect. Specifically, they note that such algorithms may perform poorly when eddies merge or
when the flow field is particularly complex. We also note that manual tracking of features has a long history
in atmospheric and meteorological research [e.g., Hope et al., 2014] and it has also been used to validate
automatic eddy tracking in oceanographic research [e.g., Chaigneau et al., 2008; Faghmous et al., 2015].
However, even the manual tracking of eddies in this region was challenging—especially when using the
observational products.

We recognize that manual tracking is somewhat subjective. To demonstrate the validity of the eddy tracks,
we provide animations showing the evolution of modeled SLA fields for the study region and the tracked
eddies using both modeled and observed fields (available online at http://www.youtube.com/GabrielaPilo).

In this study, we select anticyclonic eddies that form in the EAC retroflection region (�318S). We track the
selected eddy by locating closed positive SLA contours every 7 (OFAM3 and Aviso) or 4 (OceanCurrent)
days. The center of the eddy is considered to be the location of the maximum positive SLA within the
closed SLA contour. Consistent with the approach described by Chelton et al. [2011], we consider an eddy
to be continuous in time if it is evident at consecutive time steps, with a tolerance of three time steps. That
is, if the eddy is not clearly seen for three time steps, its trajectory is assumed to end.
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Eddies merge with other eddies as they propagate. In this study, we assume that if one eddy merges with
another eddy its trajectory continues. This assumption is consistent with the observations described by
Cresswell [1982], where two EAC anticyclonic eddies merged and the resulting eddy had the properties of
the original eddies—with two layers of different water masses stacked at different depths.

In general, as the eddies propagate they lose energy and SLA decreases along their path. We track each
eddy until its SLA becomes smaller than 0.05 m in OFAM3 and 0.1 m in Aviso and OceanCurrent. We use a
larger threshold for the observational products because they have a smaller signal-to-noise ratio, mainly
due to sampling error. By contrast, the model does not include noise due to sampling error. The eddy trajec-
tory is also terminated if the eddy can no longer be identified as a closed SLA contour feature.

We have undertaken a comparison of eddy tracks using Chelton et al. [2011]’s Global Eddy Dataset version
3, and our manual tracking of eddies. Our comparisons with Chelton’s database show cases when tracks
end prematurely (e.g., Figure 2a; eddy #145708), or jump to an adjacent (different) eddy (e.g., Figure 2b;
eddy #188703). The colored maps in Figure 2 show SLA around the time when the different tracking meth-
ods yield different results. In the first case (Figure 2a), the eddy changes its shape for 4 weeks and is no lon-
ger considered the same eddy by the automated eddy-detection algorithm. In the second case (Figure 2b),
the tracked eddy approaches a different (larger) eddy, but the two eddies do not merge. The automated
eddy-detection algorithm subsequently tracks the other eddy instead (red circles in SLA maps in Figure 2b).
The manual approach continues tracking the original eddy as it continues southward (yellow circles in SLA
maps in Figure 2b).

After manually tracking the eddies, we then extract all model fields at each time step (i.e., sea level and
three-dimensional fields of temperature, salinity, and three components of velocity) for an 88 3 88 ‘‘box,’’
centered on the eddy center. The eddy center is given by the local SLA maximum nearest the identified
eddy location.

Figure 2. (a and b) Examples of eddy tracks using automated eddy detection (red) [Chelton et al., 2011] and manual tracking (yellow).
Eddies were tracked in Aviso Reference Series sea level anomaly (SLA) gridded data sets. The bottom plots show a sequence of weekly SLA
maps spanning the time when the tracks diverge; yellow (red) circles show the eddy perimeters from the manual (automatic) approach.
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3. Results

3.1. Eddy Pathway
The tracks of the EAC anticyclonic eddies identified in the model and observations are displayed in Figure 3.
In total, we track 16 eddies in the model, 16 eddies in OceanCurrent, and 11 eddies in Aviso. We find that
many of the tracked eddies that leave the Tasman Sea follow a consistent pathway. This pathway begins in
the EAC retroflection region, then extends southward, adjacent to the continental slope of south-eastern
Australia, to the southern tip of Tasmania; and then continues toward the GAB. All 16 of the eddies tracked
in the model roughly follow this pathway, 2 out of 16 eddies tracked in OceanCurrent, and 3 out of 11
eddies tracked in Aviso ‘‘survive’’ beyond Tasmania (i.e., only a 15–25% survival rate). We note that eddies

Figure 3. Tracks of anticyclonic eddies (colors) from (a) the model, (b) OceanCurrent, and (c) Aviso. Each eddy is identified in the legend
by their start date. Gray shading denotes bathymetry and the dots along each path denote monthly time steps.
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tracked in OceanCurrent and Aviso products are not always the same. This indicates that there are differen-
ces also between the observation-based products (due in part to different processing and number of altim-
eters used), and not only between the observations and the model.

To examine the temporal variability along the mean pathway—which is clearest in the model results (Figure 3a)
—we produce Hovm€oller diagrams of SLA from each data set along an idealized pathway (Figure 4). The idealized
pathway (denoted A–G in Figure 4a) is not perfect, because the eddies do not always stay on this pathway (Fig-
ure 3). Despite this limitation, the evolution of positive SLAs along this idealized pathway is very clear in the model

Figure 4. (a) Idealized pathway of anticyclonic eddies shed by the EAC retroflection in the model, overlaid on (a) bathymetry and (b) sea
level anomaly (SLA) standard deviation from the model between 1993 and 2012 (colors). The letters (A to G) indicate key locations along
the pathway. Hovm€oller diagrams of SLA from (c) the model, (d) OceanCurrent, and (e) Aviso along A–G pathway with numbers relating to
eddies from Figure 3; dashed lines indicate unresolved connections between observed eddies; black arrows denote moments when eddy
propagation ‘‘stalls’’ along their path.
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fields (Figure 4c), with all anomalies transiting beyond
Tasmania, and 11 out of 16 making it to ‘‘G,’’ along
the pathway. These eddies take up to 5 years to com-
plete their path.

Approximately 65–75 eddies are generated at the
EAC retroflection region over a 19 year period
[e.g., Mata et al., 2006]. However, not all these
eddies leave the region, remaining there and inter-
acting with other eddies [Mata et al., 2006]. In the
model, 19 eddies formed in the EAC retroflection

leave the Tasman Sea. Therefore, 25–30% of large anticyclonic eddies formed in the EAC retroflection leave
the region and propagate southward, along the eddy pathway.

High SLA standard deviation values at the retroflection region are represented in the Hovm€oller diagrams
(Figure 4b; between ‘‘A’’ and ‘‘B’’). Between these locations there is an alternance in cyclonic and anticyclonic
eddies (negative and positive anomalies in Figures 4c–4e), indicating the high mesoscale activity.

The propagation of EAC anticyclonic eddies between ‘‘C’’ and ‘‘D’’ and beyond ‘‘E’’ is less clear in the observa-
tions (Figures 4d and 4e). However, we here suggest that eddies in the ocean do propagate along these
paths—but, as they lose amplitude, their signal in the gridded products becomes less clear. Note that the
section between C and D, in Figure 4a, spans a region where the mapping error is relatively high (between
20% and 25% of the signal variance and more than 25% in the 90th percentile; Figure 1). We denote (with
black dashed lines in Figures 4c and 4d) several times when our analysis shows that eddies continue along
the idealized pathway, despite a lack of signal in the gridded SLA in the observations. This is discussed fur-
ther below.

Note that we do not expect an observed eddy to be evident in the model at the same time and location.
This is because we are using fields from a ‘‘free’’ model run, with no data assimilation, and because eddy for-
mation is somewhat chaotic. However, we do expect the model to generate eddies with realistic character-
istics (size, shape, and amplitude), and we expect them to evolve in a manner consistent with observations
(with a similar path, propagation speed, and time-evolution [Oke et al., 2008; Schiller et al., 2008; Oke et al.,
2013]).

As part of their southward propagation many of the eddies ‘‘stall’’ at some point. These events are denoted
by black arrows in Figures 4c–4e. In the model fields, the eddies often stall near ‘‘B’’ and ‘‘C’’ locations, off
Sydney and off Bass Strait, respectively. In the gridded SLA fields, 3–4 eddies stall around Bass Strait, and
4–5 eddies stall off south-eastern Tasmania (with just one stalling near Sydney). These ‘‘stalling’’ events
often last for several months when EAC anticyclonic eddies are quasi-stationary.

We can see differences in eddies propagation speeds when looking at OFAM3 and the altimetry Hovm€oler
diagrams (Figure 4). These different speeds are summarized in Table 1, indicating that the propagation
speed of the observed and modeled eddies are comparable when they first form and as they propagate
toward the GAB; but the observed eddies propagate about twice as fast as the model eddies as they move
southward toward Tasmania. In part, the discrepancy between B and E is because the modeled eddies tend
to ‘‘stall’’ for longer than the observed eddies. However, we note that the propagation speeds of the model
eddies are consistent with other reports of eddy propagation speeds in this region from other observational
studies [e.g., Zhang et al., 2014, see their Figure S2].

We noted above that several observed eddies moving along the idealized pathway appear discontinuous
(see the dashed lines in Figures 4d and 4e). The location where the eddies ‘‘disappears’’ is often between
‘‘C’’ and ‘‘D,’’ off eastern Tasmania (where the mapping error has a local maximum; Figure 1). We also note
that the amplitude of the eddies when they ‘‘disappear’’ is small (<0.1 m), and hence close to the merged
altimetry product resolution.

To test the altimetric sampling of the region off eastern Tasmania during periods of eddy transiting, we
choose four eddies tracked in OceanCurrent gridded SLA maps (Figure 5). Two examples (Figures 5a and
5b) show cases when there is poor altimetric sampling and the eddies ‘‘disappear’’ in the region of relatively
high mapping error (Figure 1). Two examples (Figures 5c and 5d) show cases when there is good altimetric

Table 1. OFAM3 and Aviso Tracked Eddies’ Mean Propagation
Speed Between the EAC Retroflection Region and Off Sydney
(A–B), Off Sydney and South of Tasmania (B–E), and at the Deep
Basin South of Australia (E–G)a

A–B B–E E–G

OFAM3 5.5 6 1.4 2.8 6 0.4 3.2 6 0.4
Aviso 8.0 6 1.6 6.9 6 1.4 3.6 6 2.8

aAviso’s E–G section speed was calculated after four eddies
only.
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Figure 5. Maps of tracked eddies from OceanCurrent (left plots, red lines). The left plots in row show tracks that (a and b) end off Bass
Strait and (c and d) extend beyond Tasmania. The dots show data points along altimeter tracks when eddies are off Bass Strait (time t).
Black, gray and white dots denote times t 2 2, t 2 1, and t, respectively. The right plots show times series of sea level anomalies for each
eddy. The hatched region indicates proximity to Bass Strait slope.
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sampling and the eddy pathway continues beyond Tasmania. We show that eddies that dissipate (i.e., ‘‘dis-
appear’’) off Bass Strait were under-sampled. Also, due to their reduced SLA (plots in Figure 5, showing SLA
�5 cm) they are not well resolved in the SLA gridding process, which has comparable errors (�5 cm). There-
fore, we attribute this ‘‘disappearance’’ to relatively high mapping error and poor altimetric sampling of the
region off eastern Tasmania during periods of eddy transit (see Figures 1 and 5).

The fact that the Hovm€oller diagrams (Figures 4d and 4e) show these eddies ‘‘reappearing’’ at about the
right time (assuming approximately steady southward propagation; see dashed lines) suggests that indeed
the true eddies do regularly transit along the pathway. However, the gridded SLA altimetry fields do a rela-
tively poor job of capturing this variability.

3.2. Eddy Evolution
To examine the temporal variability of sea surface properties along the mean pathway we produce Hov-
m€oller diagrams of Sea Surface Temperature (SST; Figure 6), Sea Surface Salinity (SSS; Figure 7), and their
anomalies (SSTA and SSSA) from the model along the idealized pathway.

A SST front between warm tropical waters from the Coral Sea (>228C) and cold temperate waters from the
Tasman Sea (<108C) occurs in the region of interest (Figure 6a). The mean location of this front is at 408S,
extending further south off the eastern Australia coast, due to advection of warmer waters by the EAC and
its eddies. Therefore, eddies propagating along the pathway are formed in warmer regions and propagate
toward colder regions. The SSTA standard deviation displays higher values close to the EAC retroflection
and southeast of Tasmania (Figure 6b). Here the seasonal signal was removed, therefore this variability is
mainly attributed to local mesoscale variability.

The evolution of SST along the pathway has a strong seasonal signal (Figure 6c). This signal hinders the
observation of eddies propagation on the SST Hovm€oller diagram. Despite this hindering, it is possible to
see the SST signature of the eddies previously seen in the model SLA Hovm€oller diagram (Figure 4b) propa-
gating along the pathway. With the seasonal signal removed, the SSTA associated with the eddies is clearer
(Figure 6d). Due to their warm-core nature, EAC anticyclonic eddies are seen as a positive SSTA. Although
less persistent than the eddies’ positive SLA (Figure 4c), positive SSTA can be tracked as far as ‘‘F,’’ off west-
ern Tasmania, in most cases (e.g., eddies 2, 3, 6, 8, 10, 12, 13).

A SSS front between saltier tropical waters from the Coral Sea (>35.6 psu) and fresh temperate waters from
the Tasman Sea (<35 psu) occurs in this region (Figure 7a). The mean location of this front is at 408S,
extending further south off eastern Australia coast toward Tasmania. The eddy pathway transits through dif-
ferent SSS values, encountering saltier waters of the EAC and fresher waters south of Australia. The standard
deviation of SSSA displays higher values close to the EAC retroflection, south of Tasmania and south of
Western Australia (Figure 7b). This variability is not attributed to a seasonal signal. At the EAC retroflection,
this variability can be explained by the variable location of the EAC itself. South of Tasmania, this variability
can be explained by movements of the subtropical convergence [Wyrtki, 1960; Ridgway and Dunn, 2003].

The evolution of SSS along the pathway has no strong seasonal signal (Figure 7c). In this case, the salinity
differences between the Coral and the Tasman Seas (between ‘‘C’’ and ‘‘D’’ in the SSS Hovm€oller diagram)
are the very clear. Even with this strong signal, the signature of the eddies’ propagation along the pathway
is evident. The saltier EAC water entrained by the eddies during their formation is retained along the entire
pathway. Consideration of seasonal anomalies of SSS yields a clearer picture of the eddy propagation along
the pathway (Figure 7d). However, after the ‘‘D’’ location we see a misleading increase in SSSA. This increase
does not represent an increase in eddies’ SSS, but a higher SSSA due to the eddy propagating along a
highly variable region (Figure 7b).
3.2.1. Case Studies
The Hovm€oller diagrams (Figures 4c–4e) show that eddies’ surface signals fluctuates with time. The eddies’
SLA signal often slowly decreases as the eddies propagate, and sometimes increases over just a few weeks,
both in the model and the observations. To better understand this, we present two detailed descriptions of
model eddies, hereafter Eddy #3 and Eddy #9. These eddies are representative of the sample of model
eddies included in this study (the same details for all model eddies are included in supporting information
Figures S1–S14).
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Here we show various eddy characteristics, including their amplitude, horizontal velocity vertical profile,
and barotropic-baroclinic partitioning, as the eddies propagate along the pathway. To quantify the
barotropic-baroclinic partitioning of the eddies as they evolve, we compute the normal vertical modes
along their path (Figure 8c). This is achieved by solving the Sturm-Liouville eigenvalue problem [e.g.,
Wunsch, 1997; Venaille et al., 2011], using the Coriolis parameter and profiles of velocity and the buoyancy
frequency. At each time step, we use an average profile that is midway between the eddy center and the
edge of the eddy to the east—usually about 100 km east of the eddy center. We then compute the ratio of
the first and second eigenvalue to the sum of all eigenvalues, quantifying the percentage of the velocity
profile that projects onto the zeroth mode (the barotropic mode) and the first baroclinic mode. Sensitivity

Figure 6. Eddies’ surface temperature evolution; (a) idealized pathway of anticyclonic eddies shed by the EAC retroflection in the model,
overlaid on mean sea surface temperature (SST) from the model between 1993 and 2012. The letters (A–G) indicate key locations along
the pathway; (b) map of SST Anomaly (SSTA) standard deviation from the model between 1993 and 2012; (c) Hovm€oller diagram of SST
from the model along A–G pathway; (d) as for Figure 6c, but for SSTA with numbers relating to eddies from Figure 3a.

Journal of Geophysical Research: Oceans 10.1002/2015JC011026

PILO ET AL. PATHWAY OF EAC ANTICYCLONIC EDDIES 8108



tests indicate no significant difference when using average profiles on the eastern or western side of each
eddy.
3.2.2. First Case Study: Eddy #3
Eddy #3’s SLA changes as the eddy propagates (Figure 8a). When the eddy is between the EAC retroflection
region (‘‘A’’) and southeast of Tasmania (‘‘D’’) the SLA varies between 0.17 and 0.45 m. SLA increases sharply
after eddy merging events (red lines between ‘‘A’’ and ‘‘D’’), but slowly decrease otherwise. After the eddy
propagates beyond Tasmania the SLA decays, reaching �0.1 m before dissipating completely.

The eddy’s horizontal velocity vertical profile also changes as it propagates along the pathway. To demon-
strate that, we show snapshots of Eddy #3 immediately after it forms (Figure 8b, left), when it is located off
Bass Strait (Figure 8b, middle), and when it propagates toward the GAB (Figure 8b, right). Immediately after
formation the velocity field is surface-intensified with values of over 1 m/s, with moderate velocities pene-
trating to depths of about 1800 m, and with strong vertical shear—characteristic of a strongly baroclinic

Figure 7. Eddies’ surface salinity evolution; (a) as for Figure 6a, but for Sea Surface Salinity (SSS); (b) as for Figure 6b, but for SSS Anomaly
(SSSA); (c) as for Figure 6c, but for SSS; (d) as for Figure 6d, but for SSSA.
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flow. By the time Eddy #3 propagates to Bass Strait, it has weaker surface velocity, when compared to its for-
mation period. The eddy still shows deep penetration of the velocities (over 2000 m), and weakening verti-
cal shear. The eddy velocity is much weaker by the time it reaches the GAB, and is characterized by a
velocity field that shows weak vertical shear—characteristic of a quasi-barotropic flow. Note that the maxi-
mum velocities are subsurface at ‘‘F-G’’—centered around 200 m depth.

The velocity profiles suggest that the eddy is more baroclinic when it first forms, and becomes more baro-
tropic as it propagates along the pathway. Low-pass filtered time series of the ratio of eigenvalues, quantify-
ing the barotropic-baroclinic partitioning, are shown in Figure 8c, with results for Eddy #3 (bold lines) and
for all other eddies (thin lines). The results in Figure 8c quantify what is evident in Figure 8b—namely that
Eddy #3 becomes more barotropic along its path, with 58% of the velocity explained by the barotropic
mode when the eddy forms, increasing to 95% as it approaches the GAB. Conversely, the percentage of the
velocity field projecting onto the first baroclinic mode decreases from 37%, when Eddy #3 first forms, to 4%
as it reaches the GAB.

Figure 8. (a) Times series of SLA at the center of Eddy #3; (b) snapshots of velocity (color; black contour denoting 0.1 cm/s) and potential
density (magenta contours; contour intervals are 0.1 kg/m3) near ‘‘A,’’ ‘‘C,’’ and ‘‘F–G’’ locations; and (c) time series of the percentage of
velocity that projects onto the barotropic (blue) and first baroclinic (red) modes for Eddy #3 (bold lines) and for all other model eddies
(thin lines). The percentages at each point, ‘‘A–G,’’ are denoted in boxes. Note that axes in subplots a and c are different.
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3.2.3. Second Case Study: Eddy #9
Eddy #9’s SLA changes as the eddy propagates (Figure 9). Here on one merging event, there was no increase
in eddy SLA. Similar to Eddy #3, the SLA varies between the EAC retroflection (‘‘A’’) and southeast of Tasmania
(‘‘D’’), decreasing almost monotonically when the eddy is propagating toward the GAB (i.e., after ‘‘E’’).

This eddy’s vertical velocity profile also changes as it propagates along the pathway. Immediately after for-
mation (Figure 9b, left) the velocity field is surface-intensified with values of �0.8 m/s, with lower velocities
penetrating deeper than 1800 m. The velocity profile for Eddy #9 is more asymmetric than for Eddy #3, with
larger velocities penetrating deeper on its western flank. We believe this asymmetry to be caused by the
eddy interaction with the continental slope, and further studies on this matter are underway. By the time
Eddy #9 propagates to Bass Strait, it has weaker surface velocity when compared to its formation period.
The eddy still shows deep penetration of the velocities (over 2000 m), and a much weaker vertical shear.
The eddy velocity, as its vertical shear, is much weaker by the time it reaches the GAB. Here the maximum
velocities are also subsurface—centered around 300 m depth.

Eddy #9 becomes more barotropic along its path, with 54% of the velocity explained by the barotropic
mode when the eddy forms, increasing to �80% before the eddy dissipates. Conversely, the percentage of

Figure 9. As in Figure 8, but for Eddy #9.
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the velocity field projecting onto the first baroclinic mode decreases from 41%, when Eddy #9 first forms, to
�15% before the eddy dissipates.

From these two case studies (and also the eddies shown in the supporting information), we conclude that it is
common for an eddy to merge at least 3 times along its path, with most merging events occurring in the
Tasman Sea (before ‘‘D’’ in Figure 4). During merging events the SLA typically increases by 0.05–0.25 m. In
between merging events, and after the eddy propagates beyond Tasmania, it is typical for an eddy to slowly
decrease in amplitude, primarily owing to the loss of energy [e.g., Flierl, 1984; Qiu et al., 1997; McDonald, 1998].

4. Discussion and Conclusions

In this study, we show that EAC long-lived anticyclonic eddies mostly follow a consistent pathway and leave
the Tasman Sea. Specifically, we find that �25–30% of anticyclonic eddies that form in the EAC retroflection
region propagate southward, adjacent to the continental slope, and transit south of Tasmania. Besides
advection by the EAC extension, Shi and Nof [1994] suggest that the ‘‘image effect’’ can be the driver for the
propagation of EAC anticyclonic eddies southward. After crossing south of Tasmania, the eddies propagate
west-north-westward, toward the GAB. This part of the pathway is consistent with the existing literature
[Ridgway and Dunn, 2007; Baird et al., 2011]. The west-north-westward propagation is also consistent with
previous reports of anticyclonic eddy paths in other regions [e.g., Morrow, 2004; Chelton et al., 2011]. Based
on our analysis, we suggest that most EAC anticyclonic eddies that follow the identified pathway finally
decay in the deep basin south of the GAB. However, Cresswell and Peterson [1993] sampled an anticyclonic
eddy off the southern tip of Western Australia (�1778E) carrying Bass Strait waters. Their observations imply
that some eddies have propagated further northwest, well beyond the pathway identified in our study.

The interaction between eddies and the mean flow has been extensively studied in Northern Hemisphere
WBCs [e.g., Waterman and Jayne, 2011, and references therein], and in the Agulhas Current [e.g., Biastoch and
Krauss, 1999; de Ruijter et al., 1999], and to a smaller extent in the Brazil Current [Oliveira et al., 2009; Rocha
et al., 2014] and in the East Australian Current [Bowen et al., 2005; Mata et al., 2006]. Within the EAC region,
eddies might regulate the local recirculation where the current separates from the coast [Mata et al., 2006].

In the EAC retroflection, newly formed eddies can either coalesce with the EAC [Nilsson and Cresswell, 1980]
or grow and leave the region [Mata et al., 2006; Everett et al., 2012; Pilo et al., 2015]. EAC anticyclonic eddies
that coalesce with the EAC lose barotropic energy to the mean flow [Mata et al., 2006]. EAC anticyclonic
eddies that grow and leave the region receive both baroclinic and barotropic energy from the mean flow
[Bowen et al., 2005; Mata et al., 2006]. As the eddies move southward their baroclinic energy is lost back to
the mean flow [Mata et al., 2006]. Our results are consistent with this energy loss in Figures 8 and 9, where
eddies slowly decay after leaving the EAC retroflection and become less baroclinic as they propagate along
the pathway. Exceptions to this slow eddy decay occur during eddy merging events, as shown here, and
during eddy interactions with other local instabilities [Mata et al., 2006]. The interaction between eddies
and the mean flow is clearly important to EAC eddies, their evolution, and propagation. We plan to study
the energetics of these interactions in the future.

We find that the SLA amplitude of these eddies fluctuates along the pathway. The primary cause of these
fluctuations is merging with other eddies. Typically, a merging event results in an increase in the maximum
SLA. In the absence of any merging events, the amplitude of the eddies gradually decrease, as expected
[Flierl, 1984; Qiu et al., 1997; McDonald, 1998]. We note that some of the eddies decay faster if they ‘‘stall’’ off
Bass Strait. During those periods, the eddies often ‘‘push up’’ against the continental slope, remaining at a
near-constant latitude for several months. We hypothesize that these eddies encounter stronger than usual
bottom stress on the continental slope, explaining their enhanced decrease in amplitude. This ‘‘stalling’’
behavior has been previously reported by Nilsson et al. [1977]. The authors sampled one anticyclonic eddy
off New South Wales (�358S) that remains in the same region for 7 weeks. The volume of that eddy
decreased by 10–30% during the stalling period. We are investigating changes in eddy amplitude and
volume during ‘‘stalling’’ in more detail in another study.

While the SSTA signature of the eddies change as they propagate, decreasing in eddies’ later life stages, the
SSSA signature of the eddies persists along the pathway. The eddies’ SSTA signature, although present, is
weak. This weakness can be attributed to vertical mixing with cooler Tasman Sea waters, surface heat loss,
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capping [Tranter et al., 1980; Cresswell and Legeckis, 1986] and flooding effects [Tranter et al., 1982; Baird
et al., 2011]. In the later stages of eddies’ ‘‘lives’’ the SSTA is almost absent, when compared to the SLA sig-
nature. This may be due to the eddies’ tendency to have a subsurface core during these final stages (Figures
8 and 9). The eddies’ SSSA signal persists as eddies propagate along the pathway. Our SSSA Hovm€oler dia-
gram (Figure 7d) shows a freshening of waters close to the EAC retroflection (‘‘A’’ location), as also seen in
Argo floats data [Rykova and Oke, 2015].

Consideration of Hovm€oller diagrams of different variables (Figures 4c, 6d, and 7d) reveals a different pat-
tern between 1995 and 1997. During this period no eddies propagate along the pathway. Also, there are
smaller values of SLA, SSTA, and SSSA when compared to post-1997 years. The 1995–1997 period is associ-
ated with a reduced southward EAC transport and increased eastward Tasman Front transport [Ridgway
et al., 2008; Hill et al., 2011]. We expect that a weaker EAC transport may lead to fewer eddies being shed
and a smaller magnitude of SSTA and SSSA in that region.

We find that altimetry sampling is problematic off eastern Tasmania (Figure 1). There are relatively long
periods when no altimeter tracks cross the described eddy pathway, resulting in a local maximum in the
mapping error of the gridded SLA (see Figure 1). As a result, this identified eddy pathway has not been
documented previously. This study, instead, made use of an eddy-resolving ocean model output (which of
course is imperfect, but has sufficient spatiotemporal coverage for studies of mesoscale variability) to com-
plement the analysis of observation-based gridded SLA fields. This allowed us to see the eddy pathway
more clearly.

The EAC anticyclonic eddy pathway shown here provides a direct connection, albeit over several years,
between the EAC retroflection region and the GAB. Thus, it allows for advection of EAC waters well beyond
the Tasman Sea. As the eddies propagate southward, they interact with different regions along the Austra-
lian continental shelf break. This interaction can lead to local changes in ocean temperature and biogeo-
chemistry, that ultimately affect habitat conditions for the marine biota.
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