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ARTICLE INFO ABSTRACT

The traditional view of the East Australian Current (EAC), as depicted in many schematics, is of a continuous
boundary current that flows along the shelf off eastern Australia, between approximately 18°S and about 32.5°S,
where it separates from the coast and continues either towards New Zealand, along the Tasman Front; or towards
Tasmania, as the EAC Extension. Additionally, it is widely recognised that eddies are prevalent in the EAC region
— particularly south of the EAC separation. We revisit this long-standing paradigm and suggest that the EAC is
perhaps better viewed as a continuous, meandering stream, flowing adjacent to the coast that “feeds” a field of
mesoscale eddies. Observations show that EAC eddies are prevalent over a broad region of the western Tasman
Sea, as far north as 25°S, typically with maximum intensity between 30 and 35°S. At any instant in time the EAC
jet is usually evident as a poleward stream adjacent to the continental shelf edge. Other commonly accepted
components of the EAC System, including the Tasman Front and EAC Extension, are rarely seen as distinct,
identifiable features. Rather, these features are evident only in time-mean fields, when the eddy-variability is
filtered out. It is also common for the EAC to be spatially discontinuous — due to the presence of eddies — often
with multiple short streams that sometimes separate and re-attach to the coast. Recognition of the EAC as an
eddy-dominated current system has seen many recent studies focus on various aspects of eddies in the EAC
System, providing new insights into mesoscale ocean dynamics. Recent studies of individual eddies have shown
that the circulation within eddies, including tilting and vertical motion, is more complex than previously un-
derstood. A summary of these studies, along with a review of the EAC System, particularly its path, separation,
and eddy field is presented here.
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1. Introduction

The East Australian Current (EAC) is the Western Boundary Current
(WBC) of the sub-tropical Pacific Ocean. The EAC is important for its
role in the transport of heat, marine biota, and debris, and for its in-
fluence on primary production, weather, and climate. In this paper, we
challenge the traditional view of the East Australian Current (EAC) by
asking whether the “Tasman Front” (e.g., Denham and Crook, 1976;
Stanton, 1979; Andrews et al., 1980; Stanton, 1981; Mata et al., 2006;
Sutton and Bowen, 2014; Oke et al. 2019) really exists; and questioning
whether a continuous “EAC Extension” (e.g., Godfrey et al., 1980;
Speich et al., 2002; Ridgway and Dunn, 2003; van Sebille et al., 2012;
Hill et al., 2011; Ganachaud et al., 2014; Ypma et al., 2016) can ever
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really be identified. These features of the EAC System are depicted in
many published schematics (Fig. 1) — but are they present in observa-
tions of the ocean? There is broad acknowledgement of a complex field
of EAC eddies post-separation (e.g., Godfrey et al., 1980; Bowen et al.,
2005; Suthers et al., 2011; Everett et al., 2012) — but its not clear that
the community has comprehensively answered the question posed by
Hamon (1980), “The East Australian Current — continuous, or a series of
eddies?” The original studies that first described these features in the
1970’s and 80’s were based on limited data — hypothesising about the
presence and prevalence of these elements of the EAC System. Using the
benefit of decades of observations, well-developed theories of ocean
circulation, and mature, high-resolution models, we revisit these im-
portant elements of the EAC.
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Fig. 1. Schematic representations of
the ocean circulation off Eastern
Australia, as depicted in various pub-
lications. Panels are presented in
chronological order, and adapted from
(a) Halligan (1921) (which was
adapted from Black, 1853), (b) Church
and Craig (1998),Tilburg et al. (2001),
(d) Ridgway and Dunn (2003) and
Mata et al. (2006), (f) Holbrook et al.
(2011) and Condie et al. (2011), (h)
(Hill et al., 2011), (i) Ganachaud et al.
(2014) and Oliver and Holbrook
(2014), (k) Hu et al. (2015) and Feng
et al. (2016), (m) Sloyan et al. (2016)
and Zilberman et al. (2018), (o) Bull
et al. (2018), and (p) Wijeratne et al.
(2018). Many of the schematics pre-
sented here include acronyms for spe-
cific elements. These are not all de-
fined here, but the important ones are
the EAC; EAC retroflection or return-
flow (EAC-R in (p)); Tasman Front (TF
in b, e, and n); the EAC Extension
(EACgx in n, EAC-E in p); and the
Tasman Outflow (TO in p; equivalent
to the Tasman Leakage in o).

In this paper, we conclude that the EAC is best described as a
continuous current along the shelf that feeds a field of offshore eddies.
Specifically, we suggest that the EAC is a continuous, meandering,
poleward flow while it’s “attached” to the shelf — that supplies energy to
the field of offshore eddies after it separates from the coast (Fig. 2). This
view of the EAC System is consistent with the insightful inference by
Wyrtki (1962) and Godfrey et al. (1980), from just a few synoptic
pictures of the system. We support this view throughout the paper, with
references to recent and historical studies. The schematic in Fig. 2 de-
picts the permanent currents, the transient currents, and the eddy-
components of the EAC System. The permanent currents include the
branches of the South Equatorial Current (SEC), the EAC jet, and the
East AUckland Current (EAUC). The transient currents include the EAC
return flow, the flow between Australia and New Zealand — that Oke
et al. 2019 refer to as the eastern extension of the (EAC); and the flow
around Tasmania — that Oke et al. 2019 refer to as the southern ex-
tension of the EAC. The flow towards New Zealand is often depicted
schematically as a permanent feature and is typically labelled the
Tasman Front (Fig. 1). The flow adjacent to the coast towards Tasmania
and the flow around Tasmania are also often represented as a perma-
nent currents and are labelled the EAC Extension, Tasman Outflow, or
Tasman Leakage (Fig. 1). The northward flow, offshore of the EAC jet, is
often excluded from schematics (e.g., Fig. 1) but when it is included, it’s
typically implied to be permanent (Fig. 1). In this review, we show that
these features are better considered as transient currents — and perhaps
even as trains of eddies. This is represented more clearly in Fig. 2. The
intent of including the example schematics in Fig. 1 is not to suggest

that they are all wrong. In fact, we show that in a mean sense — most of
the features represented are correct — but we think that the transient
nature of the above-mentioned features is important, and needs explicit
acknowledgement. Evidence for this refined picture of the EAC System
is presented throughout this paper.

At any instant in time, the EAC region is often dominated by eddies,
with a coherent boundary current only evident near the continental
shelf. To demonstrate this, we present a series of snapshots of the EAC
circulation, using satellite-derived fields for the first day of every month
of 2016 (Fig. 3). In this series of images, the EAC is evident adjacent to
the coast as a continuous stream, flowing southward between about
20°S and about 32-38°S. By contrast, the appearance of a coherent
extension of the EAC away from the coast — either along the Tasman
Front, or as the EAC Extension - is unclear (November is perhaps the
only exception, where a coherent jet extends towards the centre of the
Tasman Sea). In some cases, a northward-flowing return flow is evident
(e.g., Feb, Jun). What seems more common, is for the EAC to break into
multiple streams (e.g., Jul, Sep, Dec) and to become lost in a field of
eddies (e.g., Feb, Mar, Apr, May). Every image in Fig. 3 includes mul-
tiple eddies that are present for all latitudes shown. This picture con-
trasts with other WBCs (see Fig. 4), where a long, continuous stream is
often present. For the EAC, we observe that at no point in time is there
evidence of a continuous, coherent flow along either the Tasman Front
(Andrews et al., 1980), towards New Zealand; or the Tasman Outflow/
Leakage, around Tasmania (Ridgway and Dunn, 2003). Rather, these
features only become clear in time-averaged fields, as demonstrated in
Fig. 5, showing examples of 1-year, 5-year, and 20-year averaged
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surface currents, derived from satellite data. This has been earlier de-
monstrated by Ridgway et al. (2008), showing that 10-day and 6-month
averaged fields of EAC transport along the PX34 line (between Sydney
and Auckland) were a discontinuous field of mesoscale eddies — and
only after averaging did the picture of a continuous EAC jet prevail
(Fig. 6).

Analysis of the EAC and its eddy field has undergone a continual
transition. Early studies, in the 1970s and 1980s, focussed on the
analysis of individual eddies (e.g., Boland and Hamon, 1970; Andrews
and Scully-Power, 1976; Nilsson and Cresswell, 1980; Boland and
Church, 1981; Tranter et al., 1982; Cresswell, 1983; Cresswell and
Legeckis, 1986; Mulhearn et al., 1988). These studies showed remark-
able insights — identifying eddy stacking, seasonal changes, and eddy
merging events. Since those early studies, the availability of high-re-
solution satellite data, measuring sea-surface temperature and sea-level
(e.g., Fig. 6) — as well as the emergence of large-scale eddy-resolving
models (e.g., Fig. 4) and better quality in situ observations with greater
spatial coverage — led many studies to examine the more general
variability of the eddy field (e.g., statistical properties of the varia-
bility). This included the publication of a number of global “eddy da-
tabases” (e.g., Chelton et al., 2007; Chelton et al., 2011), permitting
studies of the more general eddy characteristics for the first time (e.g.,

160°E

1
170°E

Fig. 2. Schematic showing the shallow (top ~1000 m) circulation of the EAC-portion of the South-Western Pacific Ocean. Red solid lines denote permanent currents;
red dashed lines denote transient currents; the red bars denote “eddy trains”; and the red and blue circles denote the eddy field. EAUC = East Auckland Current;

SEC = South Equatorial Current — depicted as three distinct branches; NVJ = North Vanuatu Jet; NCJ = North Caledonia Jet; SCJ = South Caledonia Jet; EAC = East
Australian Current. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Everett et al., 2012; Pilo et al., 2015a). Over the last 10 years, there has
been a tendency for the broad-scale analysis of eddies, including ana-
lyses of changes in circulation and properties in the Tasman Sea in
climate downscaling studies (Chamberlain et al., 2012; Sun et al.,
2012), to be complemented by analyses of individual eddies (e.g., Oke
and Griffin, 2011; Baird et al., 2011; Macdonald et al., 2013, 2016; Pilo
et al., 2015b; Roughan et al., 2017; Pilo et al., 2018), giving new in-
sights into the details of eddy characteristics. We note that of the var-
ious studies cited above, the definition for the term “eddy” differs. For
studies of individual eddies, an “eddy” tends to be regarded as an iso-
lated, coherent vortex; and studies of eddy properties often attribute all
signals that represent a departure from the mean state, as eddy varia-
bility (using the standard Reynolds decomposition). Many recent stu-
dies are reviewed in this manuscript, along with commentary, relating
them to earlier works.

The most recent overview papers describing the EAC include the
introduction to a special issue of Continental Shelf Research, by Suthers
et al. (2011), and the SPICE (South Pacific Ocean Circulation and Cli-
mate Experiment; www.clivar.org/clivar-panels/pacific/spice) review
by Ganachaud et al. (2014). Suthers et al. (2011) cited EAC-related
papers covering topics that include circulation, biogeochemistry, and
fisheries. Ganachaud et al. (2014) described the EAC with reference to
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Fig. 3. Sample of synoptic snapshots of the circulation in the EAC region, using the 1st of each month for 2016, showing satellite SST (colour) and altimetry-derived
surface geostrophic velocities (vectors). Fields are from OceanCurrent analyses (oceancurrent.imos.org.au) and show only vectors where the speed exceeds 0.1 m/s.

The scale for velocity is shown in the top left panel.

the circulation in the Coral Sea. In this review paper, we limit our scope
to the EAC System: including its path, separation, and eddy field. We
here regard the EAC System to be approximately bounded by 18°S to
the north, 45°S to the south, and extends between the Australian con-
tinent and about 180°E.

Throughout this paper we refer to separate, but related, aspects of
the EAC System — namely the EAC jet, and the EAC eddy field. We refer
to the EAC jet as the part of the EAC System that is characterised by a
continuous, poleward-flowing current — typically “attached” to the
coast. This definition highlights one of the key differences between the
EAC and other WBCs, namely that the EAC jet doesn’t usually extend
offshore. Rather, the EAC tends to degenerate into an eddy train
(Fig. 2); while the Gulf Stream and Kuroshio, for example, tend to
continue offshore as meandering, inertial jets. By contrast to the EAC
jet, we refer to the EAC eddy field as the complex field of eddies that is
most prevalent in the western Tasman Sea. Based on this understanding
of the different EAC System components, we organise this paper as

follows. We describe historical and recent findings relating to the EAC
jet in Section 2; the EAC separation in Section 3; the EAC eddy field in
Section 4; an overview of studies of individual eddies in Section 5; and a
description of recent studies on the interannual and decadal variability
of the EAC in Section 6. We conclude in Section 7, including a de-
scription of knowledge gaps.

2. The EAC Jet

The EAC is the WBC of the South Pacific Ocean (Ridgway and Dunn,
2003), characterised by strong currents (typically 1 m/s) adjacent to the
continental shelf, carrying warm (up to 22-26°C) and salty
(35-35.5 psu) waters southwards. The westward flow of the subtropical
gyre, the South Equatorial Current, separates into a series of jets in the
western Pacific Ocean, providing the source waters for the EAC
(Ganachaud et al., 2014). The strongest of these westward jets is the
southern branch of the North Caledonian Jet, “feeding” the EAC at
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Fig. 6. The volume transport (relative to 2000 m; in Sv) off Brisbane (3 left panels) and Sydney (3 right panels) at the indicated timescales. The 10-day time series are

generated using both XBT transects and altimetry (Ridgway et al., 2008).

approximately 18°S, and the South Caledonian Jet, entering the EAC
System at about 22°S (Kessler and Cravatte, 2013). In this long-term
average picture, the EAC is attached to the western boundary from its
origin (around 18°S) until about 32°S, where a portion turns eastward,
forming the Tasman Front (Denham and Crook, 1976; Stanton, 1979;
Andrews et al., 1980), and a portion continues to flow along the
boundary, as the EAC Extension (Godfrey et al., 1980). The mean
eastward flow, that’s typically referred to as the Tasman Front, is the
connection to the subtropical gyre of the South Pacific Ocean (Reid,
1986); and the mean southward flow that’s typically referred to as the
EAC Extension is the connection to the super gyre — linking the three
gyres of the Southern Hemisphere (Cai, 2006; Ridgway and Dunn,
2007). Analysis of the low-frequency circulation shows a “gating” be-
tween the flow along the “Tasman Front” and the flow along the “EAC
Extension” (Hill et al., 2011) so that high-volume flow towards New
Zealand corresponds to low-volume flow around Tasmania — and vice
versa. There is evidence in modelling studies, with and without data
assimilation (e.g., Koehl et al., 2007; Carton and Giese, 2008; Oke et al.,
2008), that this gating has a quasi-decadal signal (Hill et al., 2011).
Noting the absence of a meridional front across the Tasman Sea, Oke
et al. (2019) suggest that the flow towards New Zealand should be
referred to as the eastern extension of the EAC, and the flow towards
Tasmania should be referred to as the southern extension of the EAC.
The typical picture of the EAC jet, described above, is represented
schematically in Fig. 2 - including both “permanent” and “transient”
currents. Only in time-averaged fields of sea-level and surface geos-
trophic currents (derived from altimetry), does clear evidence of a
continuous flow towards New Zealand and around Tasmania emerge. In
Fig. 2, we refer to this as an eddy train and transient current — as dis-
tinct from a continuous, meandering current (like those in the Gulf
Stream and Kuroshio systems, for example). This is demonstrated in
Fig. 3-6. Fig. 3 and 4 are described in Section 1, showing synoptic
examples of the circulation in the EAC region. Fig. 5 shows fields of

geostrophic velocity from a 1-year, 5-year, and 20-year averages. Even
in time-mean fields in Fig. 5, the clear presence of a spatially-con-
tinuous flow along the paths referred to as the Tasman Front and EAC
Extensions is not easily detected. The path of the Tasman Front in the
time-means follows the path described previously (Tilburg et al., 2001;
Ridgway and Dunn, 2003) that Ridgway and Dunn (2003) linked to
topography.

The continuity (or lack of continuity) of the EAC jet in time is
highlighted by the comparison of volume transports, computed from
observations in Fig. 6. Fig. 6 shows Hovmoller diagrams of the volume
transport (relative to 2000 m) off Brisbane and Sydney — constructed
from a combination of temperature measurements from eXpendable
BathyThermograph (XBT) transects and satellite altimetry (see Ridgway
et al., 2008, for details) for 10-day averaged, 6-month averaged, and 5-
year averaged time series for a 20-year period. In this comparison, the
10-day averaged time series shows high variability. Off Brisbane, the
10-day averaged transport varies significantly — but is mostly south-
ward. This indicates that the EAC jet is always present as a coherent
boundary current off Brisbane — but that its volume fluctuates as it
meanders. By contrast, off Sydney, the 10-day averaged transport reg-
ularly fluctuates between positive (southward) and negative (north-
ward). We interpret this as evidence of an eddy-dominated environ-
ment, with no clear boundary current off Sydney that is continuous in
time (i.e., ever-present). By contrast, the 6-month averaged transport
shows a southward-dominated (denoted by positive volume transport)
current that is almost continuous in time, with periods of more/less
intense flow. The 5-year averaged transport, both off Brisbane and
Sydney, clearly shows a southward boundary current that is continuous
in time.

Another way to understand the EAC circulation is by analysing the
Lagrangian characteristics of the EAC - to determine how often
Lagrangian particles follow the pathways associated with the Tasman
Front, the EAC Extension, the EAC return flow, or EAC eddies. To
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achieve this, we analyse the path of all surface drifting buoys and Argo
floats that passed through different geographic source/sink areas in the
EAC region (Fig. 7). The drifters used here include both drogued (at
15m depth) and undrogued drifters; and the Argo floats with a park
depth of 1000 m, and including floats with both Iridium communica-
tions (that spend as little as 15 min at the surface every 10 days) and
floats with Argos communications (that spend between 12 and 24 h at
the surface every 10days). Neither platform is a perfect Lagrangian
particle for the circulation at the surface or 1000 m depth. The surface
drifting buoys are subject to windage; and the Argo floats spend some
time profiling through the water column (between the surface and
2000 m depth) and some time transmitting data to satellite at the sur-
face. Another limitation of this analysis related to the lifetime of the
instruments. The Argo floats typically operate for 4-5 years or more,
which seems sufficient for a float to transit any of the paths of interest —
but the surface drifting buoys are only designed to operate for
18 months. It’s possible that drifters may reach end-of-life before fully
transiting the pathways of interest. For this reason, we look at drifter
trajectories starting in, or near, the EAC jet (Fig. 7a,b); and drifter
trajectories ending in the choke points north of the northern tip of New
Zealand (Fig. 7c) and south of Tasmania (Fig. 7d). For Argo floats, we
only look at floats starting near the EAC jet (Fig. 7e). An alternative way

125°E
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145°E 165°E version of this article.)

N ow Ao N
Years since passing 28°S

to analyse Lagrangian paths of the EAC System is to use model results
(e.g., van Sebille et al., 2012; Cetina-Heredia et al., 2015; Pilo et al.,
2015b; Cetina-Heredia et al., 2019a. However, we have chosen to only
use observations here, because some (probably all) models suffer from
systematic errors that may be misleading (e.g., Oke et al., 2013).

The results in Fig. 7 provide limited support for the prevalence of
the EAC Extension — with only 2-3 surface drifters (see Fig. 7d) and 4-5
Argo floats (see Fig. 7e), originating in the Tasman Sea, passing south of
Tasmania. There is perhaps more evidence for flow along the path as-
sociated with the Tasman Front — with possibly up to 10 surface drifters
passing the northern tip of New Zealand originating in the EAC jet
(Fig. 7c implies at least 3; Fig. 7a,b implies 4-5). We also find that only
one or two Argo floats, originating in the EAC jet, pass north of New
Zealand (Fig. 7e), but this result is less meaningful because, with most
Argo floats “parked” at 1000 m depth, the Lord Howe Rise obstructs the
westward-advection of these floats across the Tasman Sea. Over-
whelmingly, the trajectories presented in Fig. 7 indicate that most
drifters/floats encountering the EAC jet end up trapped in the EAC eddy
field - drifting either through the central Tasman Sea, towards New
Zealand, until they reach end of life; or drifting around Tasmania,
within eddies. Surface drifting buoys, trapped in the EAC eddy field,
tend to drift eastwards, towards New Zealand - perhaps “weaving”
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between eddies. We suggest that this eastward flow towards New
Zealand “feeds” the inflow of the East Auckland Current (at the
northern tip of New Zealand). Warren and Voorhis (1970) note that
flow between the EAC and New Zealand, by some path, is necessary to
satisfy the Sverdrup balance and the Island Rule (Godfrey, 1989; Risien
and Chelton, 2008; Godfrey and Dunn, 2010; Colin de Verdiere and
Ollitrault, 2016). This is also consistent with features depicted in some
of the schematics described earlier (e.g., Fig. 1b,d,h,k). Fig. 1d, for
example, based on steric height (Ridgway and Dunn, 2003), shows east-
north-eastward towards the northern tip of New Zealand. This is also
consistent with early depictions from Stramma et al. (1995), based on
hydrographic measurements. We therefore suggest that the idea of a
continuous inertial jet along the Tasman Front (like the Gulf Stream or
Kuroshio Extensions) is misleading — and the true pathway is better
described as either an eddy train, or a transient current (Fig. 2).

The return flow of the EAC jet, sometimes called the EAC retro-
flection or the EAC recirculation, was first noted by Hamon (1965), who
described the EAC as “U shaped, with a southward current near the
continental shelf, and a northward current further offshore”. The return
flow is a northward flow that appears in mean fields (e.g., Fig. 5; Reid,
1986) and occasionally in synoptic maps (Fig. 3). Consistent with es-
timates from climatology at 30°S and 32°S (Ridgway and Dunn, 2003;
Zilberman et al., 2014), observations from moorings (Mata et al., 2000;
Sloyan et al., 2016) at 30°S and 27°S show that the mean meridional
flow offshore (from about 200 km from the coast) is northward, ac-
counting for a northward volume transport of 6-16Sv and a heat
transport of 0.24 PW (at 27°S above 2000 m depth). Despite the pro-
minence of the EAC return flow, this important feature of the circula-
tion doesn’t always appear in schematics of the circulation of the region
(Fig. 1).

One way the EAC differs from other WBCs is the volume transport.
The volume transport of the EAC is weaker than other WBCs (e.g., Hogg
and Johns, 1995), mainly due to the diversion of some of the Sverdrup
transport into the Indonesian Throughflow — as derived from Godfrey’s
Island Rule (Godfrey, 1989; Godfrey and Dunn, 2010). Various esti-
mates of the transport have been made, typically through geostrophic
estimates from hydrographic or XBT surveys (e.g., Nilsson and
Cresswell, 1980; Boland and Church, 1981; Ridgway and Godfrey,
1997) and by combining in situ and satellite measurements (e.g.,
Ridgway et al., 2008, the fields presented in Fig. 6 are an example).
Using data from a current meter mooring array, deployed between 1991
and 1993, augmented with hydrographic surveys, Mata et al. (2000)
estimated the EAC transport to be approximately 22 Sv, with a standard
deviation of 30 Sv. Their array at 30°S at 154.3°E was intended to be
upstream of the EAC separation point, however at 30°S they measured
significant eddy variability in addition to the boundary current flow.
Using a combination of XBT observations and satellite-derived, syn-
thetic temperature and salinity estimates, Ridgway and Godfrey (1994)
estimated the EAC transport at 28°S to be 27.4 Sv. Their approach is
used to produce the transport estimates presented in Fig. 6. Based on
ocean climatology (the CSIRO Atlas of Regional Seas, CARS, Ridgway
and Dunn, 2003), Oliver and Holbrook (2014) estimated the EAC
transport at 28°S to be 25.8 Sv. More recently, Sloyan et al. (2016)
estimate EAC transports from a mooring array near 27°S, where the
EAC is now known to be the most coherent (Sloyan et al., 2016). They
report that the 18-month period (from April 2012 to August 2013) the
mean southward transport above 2000 m was 24.6 + 6.9 Sv and the net
mass transport of —19.25 + 9.6 Sv (negative indicates a net southward
transport). The discrepancy between the southward transport and the
net transport is due to northward flow of the EAC recirculation
(5.358v) at the eastern end of the mooring array. More recently,
Zilberman et al. (2018) combined XBT, Argo, and satellite altimeter
data to estimate the EAC transport to be 19.5+ 2 Sv at around 26°S —
noting a typical equatorward return flow of 2.5+ 0.5 Sv.

Modelling studies show transport estimates similar to observations.
For example, in a 14-year regional ocean reanalysis, Schiller et al.
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(2008) reported that the southward EAC transport at 32°S was
28.7+23.5Sv. In a 10-year regional modelling study, Kerry et al.
(2016;2018) estimated that the southward EAC transport at 30°S was
21.9+31.7Sv. In a 20-year near-global modelling study, Oke et al.
(2013) computed the southward EAC transport off Brisbane to be
21.6+10.6 Sv. In a global ocean model with seasonal surface forcing
(and no interannual forcing), Ypma et al. (2016) showed that the mean
EAC volume transport at 28°S was 20.4 Sv. Finally, Cetina-Heredia et al.
(2015) used a Lagrangian approach to quantify the EAC poleward
transport along south-east Australia, and found it to vary from
13.5+ 7 Sv at 28°S, to 1.04 + 1 Sv at 39°S. These estimates differ in the
period over which they are calculated, and they differ in latitude. De-
spite this, each estimate is in reasonable agreement with the observa-
tional estimates cited above, providing a good indication of the mean
EAC volume transport, with observational estimates ranging from 22 to
27.4 Sv, and model-based estimates ranging from 20.4 to 28.7 Sv. Un-
certainty in the estimated volume transport tends to grow with latitude
moving south, owing to the increased variability in the parts of the
western Tasman Sea that are more eddy-rich (south of 27°S).

Sloyan et al. (2016) also estimated the mean southward heat
transport above 2000 m to be —1.48 + 0.44 PW, with a flow-weighted
temperature of 15 °C. This highlights the importance of the EAC jet for
distributing heat and mass along the coast of south-eastern Australia.
Oliver et al. (2017) further demonstrated the importance of the EAC for
distributing heat in the ocean, in their report of the so-called “marine
heatwave” in the Tasman Sea during Austral summer of 2015/16.

The earliest report of the seasonal cycle of the EAC was from
Godfrey et al. (1980). Ridgway and Godfrey (1997) provided a com-
prehensive analysis of the EAC’s seasonal cycle, by showing the sea-
sonal changes in steric height from historical hydrology and XBT data in
the EAC region between 25°S and 45°S. They showed that the strongest
poleward flow occurs in Austral summer, and that the seasonal ampli-
tude of the EAC volume transport is about 9 Sv, with a minimum in
Austral winter. Similarly, Zilberman et al. (2018) used a combination of
XBT, Argo, and satellite altimetry data to show that a maximum EAC
transport at 26°S of 21.6+1.4Sv occurs in March, and minimum
transport of 18+ 1.4 Sv in August, in agreement with observations by
Wood et al. (2016), who found that only 6% of the variability over the
shelf is seasonal. Similarly, Cetina-Heredia et al. (2015) found sig-
nificant annual variability of the poleward transport between 28 and
39°S, with highest variability evident between 28 and 34°S. The
stronger EAC flow in summer is known to be associated with higher
Eddy Kinetic Energy (EKE) in the Tasman Sea (Qiu and Chen, 2004) and
a poleward shift in the separation latitude (Ypma et al., 2016).
Scharffenberg and Stammer (2010) used altimetric Sea Surface Height
(SSH) data to investigate the annual cycle in geostrophic velocities and
EKE in the global ocean gyres and find a clearer signal in the large-scale
circulation rather than in the boundary currents, where the eddy
variability dominates. Seasonality of the EAC was also evident in ob-
servations of surface velocities from High-Frequency (HF) radar after
accounting for the meandering signal associated with eddies (Archer
et al., 2017). Over a four year period (2012-2016) the range of the
annual cycle of core surface velocity was 0.55m/s about a mean of
—1.35m/s, between Austral summer and winter at 30-31°S. EKE
measured by the HF radar also peaked in summer (dipped in winter), in
both magnitude and variance. Throughout the year the EKE/MKE ratio
was always below 1, indicating the dominance of the mean flow over
eddies at the location of the HF radar, which is centered at 30°S. Archer
et al. (2017) also reported that the meandering of the EAC accounted
for approximately 50% of the EKE magnitude, but meandering showed
no seasonality in variance.

To further investigate the relative magnitude of the mean and
transient circulation, we now consider estimates of the EKE/MKE for
the EAC region. Sloyan et al. (2016) showed that over the continental
slope, the EKE/MKE was less than 1 — but that offshore, the EKE/MKE
increased markedly (their Fig. 12). To put these local estimates into
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Fig. 8. Ratio of the EKE to MKE (white
denotes land or water shallower than
50 m depth) based on altimetry-derived
surface geostrophic currents from
OceanCurrent analyses (oceancurrent.i-
mos.org.au) for the period 1994-2016.
Mean currents from OceanCurrent ana-
lyses are shown in vectors, showing only
vectors where the speed exceeds 0.1 m/
s. The 100, 500, 1000, and 4000 m iso-
baths are contoured in black. The ma-
genta line denotes the approximate lo-
cation of the EAC transport array
(Sloyan et al., 2016), and the magenta
dot shows the approximate location of
the Coffs Harbour HF radar footprint
(Archer et al., 2017) — both of which
calculated EKE/MKE from in situ mea-
surements that are reproduced in the
inset panels. Inset (a) compares esti-
mates from Sloyan et al. (2016) (black)
and Ocean Current (blue), and inset (b)
compares estimates from Archer et al.
(2017) (black) and Ocean Current
(blue). (For interpretation of the refer-
ences to colour in this figure legend, the
reader is referred to the web version of
this article.)
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context, we present a map of the time-averaged EKE/MKE' for the EAC
region, using surface geostrophic velocity estimates from OceanCurrent
analysis (oceancurrent.imos.org.au) — based on satellite altimeter ob-
servations — in Fig. 8. Included in Fig. 8 are the local estimates by
Archer et al. (2017) and Sloyan et al. (2016). The estimates from all
data sources considered here are consistent — showing that adjacent to
the continental shelf, EKE/MKE is less than 1, but that offshore, EKE/
MKE is typically much greater than 1. This means that near the coast,
north of about 33°S, the circulation is dominated by the mean flow —
that is, the EAC jet dominates. By contrast, offshore, the circulation is
dominated by eddies. There is a band of higher EKE/MKE (< 1) across
the Tasman Sea between Australia and New Zealand, where the mean
current exceeds 0.1 m/s — but this is spatially discontinuous, perhaps
suggesting that there is sometimes a zonal flow at different latitudes.
This analysis is consistent with the refined picture of the EAC System
presented in this review paper — that the EAC is a continuous, mean-
dering stream, flowing adjacent to the continental shelf that “feeds” a
field of offshore eddies. Indeed, the EAC stands out among WBCs for its
high EKE/MKE ratio (Godfrey et al., 1980). In a recent study, Archer
et al. (2018) used high-resolution ocean currents from HF radar data to
compare the upstream EAC and Florida Current in the North Atlantic.
They found that while the two jets had nearly identical time-mean
cross-jet profiles of speed and width, the EAC exhibited significantly
higher mesoscale EKE than the Florida Current.

The temperature and salinity of EAC waters also show a seasonal
cycle. With sub-tropical origins, the EAC is characterised by warm and
salty water (Fig. 9). Throughout the western Tasman Sea, the near-
surface waters have a strong seasonal signal, with maximum tempera-
tures ranging from 25 to 28 °C between 25 and 15°S, and ranging from
18 to 23°C between 45 and 35°S. Salinity also changes seasonally

1 Here, we use the standard Reynolds decomposition: EKE= (U"* + v'¥/2 and
MKE=(U? + V?)/2, where U=U + U’ and V=V + V' are the zonal and
meridional velocities, represented as the sum of the mean, denoted by over-
bars; and fluctuations, denoted by primes. Using this definition, we implicitly
include all variability about the time-mean to represent eddy-variability.

170°E

between 25 and 15°S, with near-surface waters typically about 0.4 psu
fresher in summer owing to increased precipitation. The signature of
EAC water in temperature-salinity space is very distinct, with a tight
relationship (see the TS diagrams for 145-155°E and 35-25°S in Fig. 9),
following a very recognisable “backwards S” shape. Waters below about
26.2 kg/m? at mid- and low-latitudes show no seasonal cycle.

The EAC is a baroclinic current that is mostly reported to be surface
intensified (e.g., Hamon, 1965; Mata et al., 2006). However, some
cross-sections of the EAC have shown a sub-surface velocity maximum
at about 100 m depth. This includes observations from a mooring array
(Sloyan et al., 2016, Fig. 10d), a ship-board acoustic Doppler current
profiler (ADCP, Cresswell et al., 1996, Fig. 10c), from geostrophic
current estimates (Huyer et al., 1988; Ridgway and Dunn, 2003), from a
diagnostic ocean model (where the model is used to diagnose the three-
dimensional velocities from a prescribed field of temperature and
salinity — from climatology; Roughan et al. (2003)), and from an
idealised modelling study (Gibbs et al., 2000). Observations in Fig. 10
show that the core of the EAC jet often has a maximum at about 100 m
depth, with currents that are about 0.2 m/s stronger than they are at the
surface. Moreover, Sloyan et al. (2016) reports that during an 18-month
deployment there was evidence of a sub-surface maximum 76% of the
time (not shown). These results are particularly intriguing, since to
date, no physical mechanism to explain the sub-surface maximum has
been proposed. However, assuming the thermal wind relationship
(- fpy0v/dz = gdp/dx) approximately holds around the jet (i.e., the flow
is approximately geostrophic and hydrostatic), a sub-surface maximum
means that dv/dz > 0 above the core of the jet which, by thermal wind,
implies that dpo/dx > 0 (where x and z are the positive to the east and
upwards, v is the meridional velocity, f is the Coriolis parameter (ne-
gative in the Southern Hemisphere), p, is the background density, and p
is density). This indicates that there must be a source of relatively light
water near the surface on the shoreward side of the EAC jet. The source
of this water is unclear, but we expect it must be either a source of
freshwater or surface heating, or a combination of both.
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Fig. 9. TS-diagram for 15° x 10° boxes over the Tasman Sea, showing properties from Austral summer (red; using February) and Austral winter (blue; using August),
using climatology (Ridgway and Dunn, 2003), with the Australian coastline and topography in the background. The spatial extent of each panel corresponds to the
spatial area from which data are used. The data for left and right collection of panels are identical. On the left (right), winter (summer) data are plotted over summer
(winter) data to show all the differences clearly. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this

article.)

3. The EAC separation

The traditional view of the EAC is of a WBC that typically separates
from the coast at about 32°S (Godfrey et al., 1980). Interestingly, the
first identification of EAC separation was based on the distribution of
bottom sediments. Godfrey et al. (1980) noted the absence of fine se-
diments (indicative of high energy, fast current environments) north of
about 32°S. Indications of the EAC separation point from ocean clima-
tology suggest that the EAC typically separates within a range of about
150 km, centred at about 31.5°S (Ridgway and Dunn, 2003). A great
number of process studies have been undertaken to understand the

Depth (m)

(c) November 1989
29.1°S

dynamics associated with the separation of WBCs from the coast (e.g.,
Chassignet and Marshall, 2008), however a consensus of the key factors
controlling the separation of the EAC from the coast remains somewhat
elusive. Unlike other WBCs, the EAC circulation is influenced by the
presence of New Zealand. As noted by Warren and Voorhis (1970), the
transport from the EAC must somehow “feed” the EAUC — New Zeal-
and’s WBC; and the presence of New Zealand also complicates the
Sverdrup balance of the South Pacific Ocean.

Adapting the method described by Cetina-Heredia et al. (2014), we
objectively identified the separation latitude of the EAC in an eddy
resolving ocean model (Masumoto et al., 2004) by first identifying the

Fig. 10. Sections of meridional velo-

(d) April 2012 - August 2013
27°S

city from (c) shipboard ADCP data at
29.1°S in November 1989 (adapted
from Cresswell et al., 1996), and (d) a
time average of moored ADCP data
constructed from an 18-month
mooring  deployment at 27.5°S
(adapted from Sloyan et al., 2016,
data have been interpolated in space;
and dashed vertical lines denote the
mooring positions). The approximate
section-locations are denoted in pa-
nels a and b, where the red line cor-
responds to panel ¢, and the blue line
to panel d. (For interpretation of the
references to colour in this figure le-
gend, the reader is referred to the web
version of this article.)
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Fig. 11. Examples from AVISO data
(Le Traon et al., 2001) showing sce-
narios when (a—c) the EAC jet sepa-
rates cleanly from the coast; (d) when
the EAC jet separates and then re-at-
taches; and (e) when the EAC mean-
ders (complicating the estimation of
the separation latitude). The bold
contour is the line of constant SSH for
the value at which the EAC is identi-
fied at 24°S. Panel shows a frequency
histogram of EAC separation latitudes
diagnosed from AVISO data using the
method described by Cetina-Heredia
et al. (2014).
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OFES (1980-2010) EAC separation latitude (mean and
AVISO (1992-2010) standard error) computed from
29 5° - —— BRAN (1993-2010) | | AVISO (Le Traon et al., 2001), OFES
: (using SSH from a 31-year model run;
Masumoto et al., 2004), and BRAN
(using SSH from an 18-year ocean
30°S | - reanalysis; Oke et al., 2013) using a
method adapted from Cetina-Heredia
et al. (2014).
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EAC (by the maximum poleward flow) at 28°S and following the cor- the EAC deflected from the coast (i.e., when the SSH isoline separated
responding SSH isoline polewards (and equatorwards), along the farther than 70 km east of the 150 m isobath), and diagnosed whether it
nominal path of the EAC (see Fig. 11). We recorded the latitude where re-attached and separated again at a poleward latitude. Using this
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method, we show that the separation latitude of the EAC (Fig. 12) is
typically around 31°S, with a seasonal range of about 1.5° of latitude,
with the EAC separating from the coast farther to the south in Austral
summer. Although the standard error of the estimated means (see the
error bars in Fig. 12) for each month is not negligible, the difference
between the mean separation latitude in January and June is larger
than the standard errors, suggesting that the estimated seasonal cycle is
robust (see also, Ypma et al., 2016). Moreover, Cetina-Heredia et al.
(2014) explained that the separation of the EAC is strongly linked to the
generation and detachment of eddies. This result is consistent with the
conclusions of Bowen et al. (2005) and Mata et al. (2006). Analysis of
time series of the separation latitude from Archiving Validation and
Interpretation of Satellite Oceanographic data (AVISO; Le Traon et al.,
2001), for example, shows that over 24 years (1993-2016), the EAC
separates from and re-attaches to the coast (e.g., Fig. 11d) at least once
along its path no less than 20% of the time (not shown). Furthermore,
we find that the EAC can separate as far south as 38°S (e.g., Fig. 11c¢),
and as far north as 24.4°S (e.g., Fig. 11a). The broad latitudinal range
over which the EAC separates from the continent reinforces the idea
that the EAC is not always a coherent jet but often a meandering
poleward stream modulated by eddies.

The temporal and spatial variability of the EAC separation differs
from other WBCs (Fig. 4). For example, the Gulf Stream tends to se-
parate consistently at around 35°N, 75°W (Richardson and Knauss,
1971), where the coastline bends eastward. The Agulhas Current gen-
erally separates at the southern tip of the Agulhas Bank (37°S, 20.5°E,
Harris et al., 1978); and the Kuroshio separates around 35°N, 140°E,
also seemingly related to coastline curvature. Nevertheless, the Agulhas
separation is also modulated by the formation and detachment of eddies
(van Sebille et al., 2009) and the Kuroshio has a well-studied meander
that is also related to mesoscale variability (Kawabe, 1995). The Brazil-
Malvinas confluence region is also a region of high variability (e.g.,
Rykova et al., 2017), wth separation positions of the Brazil Current and
the Malvinas Current each ranging by about 1000 km (Olson et al.,
1988).

A number of factors have been identified as important for influen-
cing the separation of the EAC from the coast. Godfrey et al. (1980)
argue that there is likely to be an “inertial overshoot” around 32.5°S
causing the southward-flowing EAC to be carried away from the shelf
where there is a bend in the coastline to the west. Nilsson and Cresswell
(1980) and Godfrey et al. (1980) also suggest that the region of EAC
separation may be influenced by Rossby waves propagating westward,
across the Pacific Ocean. They suggest that as Rossby waves propagate
westward, they are blocked by New Zealand - at about 32°S — and the
waves that continue may cause an instability in the EAC when they
reach the Australian coastline causing the EAC to separate from the
coast. This hypothesis implies that the presence of the New Zealand
land mass is an important factor in explaining the latitude of EAC se-
paration. Based on Sverdrup balance, Tilburg et al. (2001) suggested
that the largest meridional gradient in the wind stress curl generates an
eastward flow at around 34°S that draws the EAC offshore. Moreover,
Tilburg et al. (2001) notes that the wind stress curl field over the south
Pacific Ocean is unusual, in that it includes a significant decline in the
curl but the curl does not drop to zero. Tilburg et al. (2001) suggest that
this explains the partial (rather than complete) separation of the EAC jet
from the coast. More recently, Bull et al. (2017) and Bull et al. (2018)
reported results from a series of numerical experiments with an eddy
permitting model that showed that both local wind stress variability,
and bathymetry - including the presence of New Zealand - influence
mesoscale eddy shedding and consequently the EAC separation. Spe-
cifically, they showed that local atmospheric variability increases eddy-
shedding rates; and both wind stress variability and absence of New
Zealand induce a southward shift of the latitude where the EAC sepa-
rates. In part, differences in results reported by Bull et al. (2018) and
Tilburg et al. (2001) can be explained by differences in the wind pro-
ducts used for each study. Finally, Bowen et al. (2005) and Mata et al.
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(2006) present evidence supporting the idea that the intrinsic in-
stability of the EAC has been linked to eddy formation that may play a
key role in the EAC separation.

There is still no consensus on mechanism, or mechanisms, driving
the separation of the EAC jet from the coast. Several studies — both
observational (Mata et al., 2000) and modelling (Marchesiello and
Middleton, 2000), provided evidence that supports the Rossby wave
argument. Other studies have shown the importance of wind forcing
and its variability (e.g., Tilburg et al., 2001; Hill et al., 2011; Bull et al.,
2017). In fact, Tilburg et al. (2001) disputed the Rossby wave argu-
ment, showing that in a linear model forced with monthly climatolo-
gical winds that either included or excluded New Zealand (with the
land masses altered), the EAC still separated from the coast at about the
correct location. Nevertheless, using a model that includes non-linear
dynamics, Bull et al. (2018) found that in the absence of New Zealand
and bathymetric features (>1000 m), the EAC extended farther south
before shedding eddies; consequently, its separation latitude had con-
siderably larger variability and its mean was shifted 1° south. In addi-
tion, eddies in the EAC separation region are only present when non-
linear dynamics are considered. Thus, Bull et al. (2018) argued that the
location of the EAC separation was influenced by bottom topography
and non-linear effects rather than set solely by the meridional gradients
in the wind stress curl. Also, Bostock et al. (2006) presents paleo evi-
dence that suggests that the EAC may have separated between 23 and
26°N during the last glacial maximum, and reports of the continued
southward shift of the separation location (e.g., Cai, 2006) seem to
discredit the argument for New Zealand’s influence on the EAC se-
paration latitude. Bowen et al. (2005) rejected the argument for remote
forcing - instead suggesting that local instabilities — perhaps related to
intrinsic EAC variability — result in eddy formation that influences EAC
separation. The importance of local instabilities is consistent with
several other observational and modelling studies (e.g., Mata et al.,
2006; Wilkin and Zhang, 2007; Bull et al., 2017). The impact of the
coastal alignment — and more generally, the local bathymetry - is
supported by several modelling studies (e.g., Oke and Middleton, 2001;
Roughan and Middleton, 2002) and by observations (e.g., Schaeffer and
Roughan, 2015). Oke and Middleton (2001) and Roughan and
Middleton (2002) linked the narrowing of the continental shelf off
south-eastern Australia to the alongshore acceleration and separation of
the EAC jet. Consistent with this, Cetina-Heredia et al. (2014) showed
that the EAC separated most often at latitudes close to narrow points in
the continental shelf (either 28.7°S or 30.8°S).

It is likely that all mechanisms referred to above play a role in the
EAC separation: Rossby waves, wind stress curl, coastal alignment,
bathymetric features, local wind stress variability, and intrinsic in-
stabilities. Perhaps the long-term mean of the EAC separation is con-
strained by large-scale ocean basin dynamics (i.e., Sverdrup balance
and wind stress curl) and features that remained unchanged (e.g.,
coastal alignment), while variability in shorter time-scales is induced by
local dynamics (e.g., local wind stress variability). As in other WBCs
(e.g., Schoonover et al., 2017), the explanation for the latitude and
variability of the EAC separation seems to be a topic that is still worthy
of further investigation.

4. Eddy field

Many studies of the EAC region have analysed statistical properties
of the circulation associated with the EAC eddy field. These studies
have examined aspects including the rate of eddy shedding (Mata et al.,
2006; Bowen et al., 2005; Wilkin and Zhang, 2007); the mechanism of
eddy generation (Mata et al., 2006; Ypma et al., 2016); eddy size, in-
tensity, particle-retention, and seasonality (e.g., Qiu and Chen, 2004;
Rykova and Oke, 2015; Cetina-Heredia et al. 2019b), eddy path (Pilo
et al., 2015b), and other properties (e.g., Everett et al. (2012); Cetina-
Heredia et al. (2014); Rykova and Oke (2015); Pilo et al. (2015a);
Condie and Condie (2016); Rykova et al. (2017)). Analysis of the
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from Oke et al. (2013).

variability in the EAC region - often quantified by the root-mean-square
of Sea-Level Anomaly (SLA) or Sea Surface Temperature Anomaly
(SSTA), or the EKE shows that the EAC eddy field (Fig. 13d) is energetic
throughout the region bounded by the Australian continent to the west
and the Lord Howe Rise to the east (e.g., Qiu and Chen, 2004; Mata
et al., 2006; Oke et al., 2013; Rykova et al., 2017). This region of high
variability extends from about 25°S to 40°S, with a maximum around
33°S. Findings from many of the above-cited studies are outlined below.
The map of the RMS of SLA, described above, is contrasted to other
WBC regions in Fig. 13. This comparison shows that the EAC eddy field
is energetic in regions where the EAC jet normally flows. In other WBC
regions, the regions of relatively large RMS of SLA - denoting the eddy
field — are mostly confined to the respective areas after the WBC has
“left” the coast. This is true for the Gulf Stream region (Fig. 13b), where
high values of the RMS of SLA are mostly along the path of the stream
meanders away from the coast and shelf. Similarly, for the Kuroshio
(Fig. 13a), the RMS of SLA is high where the Kuroshio meander has
separated and after the current separated from the coast (Kawabe,
1995). For the Agulhas Current (Fig. 13c), there is high RMS SLA where
the current retroflects, and where it meanders eastwards. The Brazil-
Malvinas region shows high RMS SLA only in the vicinity of the con-
fluence (Fig. 13e). As noted, the EAC is quite different to the other
WBCs, with high eddy variability along the path of the current while it
is still attached to the coast, and also after it separated (Fig. 13d).
Analysis of satellite observations and model results showed that
EAC eddies tend to “shed” on time scales of 90-180 days (Bowen et al.,
2005; Mata et al., 2006; Wilkin and Zhang, 2007). Similar time scales of
variability of the offshore-onshore movement of the EAC jet core were
found at 27°S (Sloyan et al., 2016) and 30°S (Archer et al., 2018).
Bowen et al. (2005) analysed this apparent timescale using satellite-
derived observations south of 27°S and concluded that eddies seemed to
originate between 32°S and 35°S. Wilkin and Zhang (2007) used model
results to identify two dominant modes of variability in the EAC region
— one they attributed to an eddy mode and another to a wave mode. In
agreement with Tilburg et al. (2001) and Marchesiello and Middleton
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(2000), they concluded that the separation of the EAC from the coast
was a key to eddy generation in the region. Mata et al. (2006) attributed
eddy formation to the coincidence of the “rapid northward migration of
the EAC separation point”, with a ~100-day period. They clearly de-
monstrated that the formation of anticyclonic eddies began with a
current instability around 25°S. Consistent with all of these studies,
analysis of variability in the EAC shows the prevalence of eddies over a
broad region (Fig. 13d). EAC eddies spawn regularly, advect with the
EAC, merge and coalesce, grow and decay — and often intensify as the
EAC jet separates from the coast. Qiu and Chen (2004) clearly showed a
distinct seasonality of the EKE associated with the EAC eddy field from
satellite observations (their Fig. 5). They showed that eddies originate
in all parts of the EAC region, even as far north as 25°S (their Fig. 1) —
consistent with logical inferences drawn from Fig. 13d.

The availability of global eddy databases, derived from satellite
altimetry (e.g., Chelton et al., 2007; Chelton et al., 2011), has resulted
in numerous studies of eddy characteristics. Using one-such database,
Everett et al. (2012) identified a region off south-eastern Australia that
they call “Eddy Avenue”, with particularly biologically productive ed-
dies. Oliver and Holbrook (2014) also demonstrated the prevalence of
EAC eddies advecting around southern Tasmania, and van Sebille et al.
(2012) showed that eddy-propagation explained up to 46% (17% in
cyclonic eddies and 29% in anticyclonic eddies) of the volume transport
of the EAC “leakage”. Furthermore, Pilo et al. (2015b) showed that up
to 30% of large anticyclonic eddies generated in the EAC region follow
this path, with some eddies lasting for 5 years and travelling distances
of thousands of kilometres. As EAC eddies propagate southwards, they
contribute to the poleward transport of EAC waters. Cetina-Heredia
et al. (2014) showed that transport within eddies can explain up to 60%
of the net southward transport — which has increased between 1980 and
2010, particularly from 2005 onwards. Other properties of EAC eddies
are also changing. For example, Rykova and Oke (2015) combined
satellite observations with Argo profiles to better understand the
structure and variability of EAC eddies. They showed that between
2005 and 2012, EAC eddies have freshened by 0.17-0.25 psu/decade —
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a finding that they attribute to increased precipitation in the western,
subtropical South Pacific — although the short duration of their time
series doesn’t rule out some sort of decadal variability (rather than a
freshening trend).

Some recent studies have analysed results from large-scale eddy-
resolving models to better understand eddy variability in the EAC re-
gion. For example, Rykova et al. (2017) contrasted eddy structure in the
EAC region to other WBC regions. They showed that although EAC
eddies tend to be weakest in terms of associated velocities and vertical
heave of isopycnals (compared to eddies in the Kuroshio, Gulf Stream,
Agulhas, and Brazil-Malvinas regions), they are also the least variable
and the most baroclinic.

Although out of scope for this paper, we note that the impact of
eddies on the coastal ocean and cross-shelf transport has been widely
examined (e.g., Suthers et al., 2011; Schaeffer and Roughan, 2015;
Wood et al., 2016; Schaeffer et al., 2017, and references therein). In
addition, progress has been made on quantifying how eddies contribute
to the productivity of the region through their ability to entrain, retain
and sustain larval fish (e.g., Mullaney et al., 2011; Everett et al., 2015;
Macdonald et al., 2016; Roughan et al., 2017).

5. Structure of EAC eddies

As noted in Section 1, there has been a recent resurgence in the
study of individual eddies in the EAC region (e.g., Oke and Griffin,
2011; Pilo et al., 2015a,b, 2018; Roughan et al., 2017). Findings from
these studies have led to recognition of the importance and complexity
of the vertical structure of eddies, the circulation within eddies, the
vertical tilt of eddies, the path and longevity of eddies, and the pre-
valence of different types of eddies. Some key findings from these
studies, along with a reminder of the early learnings of such studies, are
described below.

The pioneering studies of EAC eddies delivered understanding of
how eddies form (e.g., Nilsson and Cresswell, 1980; Rochford, 1983)
and stack during merging events (e.g., Nilsson and Cresswell, 1980),
about seasonal surface flooding (e.g., Cresswell, 1983; Tranter et al.,
1982), velocities (and level of no-motion) within eddies (Hamon, 1965;
Boland and Hamon, 1970), and eddy propagation (e.g., Hamon, 1965).
All of these early studies were based on analysis of limited in situ
measurements, reporting details of individual eddies. Findings from
each study were described without too much generality — but often with
very insightful inference. Many of the insights described by the above-
mentioned pioneering scientists, have since proven to be very accurate.

Velocities in eddies are strong, with reported values of up to 2m/s
(Nilsson and Cresswell, 1980). Analyses of model results and altimetry-
derived fields indicate that velocities associated with EAC eddies are
typically about 0.5-0.6 m/s, surface intensified, with coherent currents
(weaker at depth) over the full water column (Everett et al., 2012;
Rykova et al., 2017, Figure 14). Consistent with this, Mulhearn et al.
(1988) reported measurements of abyssal velocities with fluctuations
that were consistent with the passage of eddies. Typical anticyclonic
EAC eddies have a sub-surface maximum in salinity — with values ex-
ceeding 35.6 psu — at around 150-200 m depth; and vertically displaced
isopycnals of about 250 m (Rykova et al., 2017). Cyclonic EAC eddies
tend to be weaker than anticyclonic eddies, and often much smaller
(Everett et al., 2012; Rykova et al., 2017), with currents of about
0.45-0.5m/s and vertically displaced isopycnals of about 190m
(Rykova et al., 2017). EAC eddies always have a clear signature in SLA —
with anticyclonic eddies characterised by positive SLA of around 0.25m
(Everett et al., 2012), but sometimes as large as 0.8 m (Rykova et al.,
2017); and cyclonic eddies characterised by SLA of around —0.25m,
and sometimes as large as —0.6 m. By contrast, EAC eddies do not al-
ways have a clear signature in satellite SST (e.g., Bowen et al., 2005;
Rykova et al., 2017). Anticyclonic eddies in the EAC region usually
show a positive SST anomaly (Everett et al., 2012; Rykova et al., 2017),
but cyclonic eddies sometimes have no surface signature in SST
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(Fig. 14, Rykova et al., 2017). The main reason for this seems to be due
to surface flooding (e.g., Baird and Ridgway, 2012).

Surface flooding of eddies occurs when the warm, light waters of the
EAC jet partially flow over the top of (over-wash) an eddy (Tranter
et al., 1982; Baird and Ridgway, 2012; Macdonald et al., 2013). As a
result, the cyclonic eddies are sometimes undetectable in satellite SST.
Despite this lack of a surface signature, the underlying flooded eddy has
properties of surface-intensified eddies. Similar to surface flooding,
anticyclonic eddies can also “sink” under other anticyclonic eddies after
cooling (Tranter et al., 1982; Nof and Dewar, 1994; Baird and Ridgway,
2012). Using observations from a number of different platforms, Baird
et al. (2011) described the dynamics of such an event, in which a
shallow layer (~60m) of warm, fresh EAC waters encircled an antic-
yclonic eddy resulting in a deep isothermal layer. Their results were
reminiscent of the stacking of eddies in the EAC region reported by
Cresswell (1983) and Cresswell and Legeckis (1986).

An example of recent observations showing evidence of stacked EAC
eddies is presented in Fig. 15a. In this example, temperature and sali-
nity profiles from a single Argo float show evidence of the two me-
soscale eddies merging (Fig. 15a) — with water from one eddy moving
over the top of another. In September 2009, an Argo float sampled a
strong anticyclonic eddy with a deep surface mixed layer. The Argo
float moved out of the eddy for a few weeks in November 2009 - ap-
parently during an eddy-merging event — before moving back into the
resultant stacked eddy with two distinct mixed layers. The surface
mixed layer spans the top 400 m of the water column with character-
istics that match the original eddy; and the second mixed layer spans
depths of 500-900 m. The Argo float remains in the double-core eddy
for several months until April 2010 - returning fascinating data of the
eddy evolution. The double-core eddy has large temperature and sali-
nity anomalies between the surface and almost 1200m depth
(Fig. 15a). Glider observations in the same region for a different period
also show evidence of a double-core eddy. This is not the first time that
evidence of stacked EAC eddies has been described. Cresswell (1982)
presented a similar case study from observations collected in 1981
(Fig. 15b). The prevalence of such events in the EAC remains unclear.

In a modelling study with data assimilation Oke and Griffin (2011)
analysed the development and evolution of a large-amplitude cyclonic
EAC eddy. They noted that the cyclonic eddy had a significant tilt,
where the property anomalies and circulation of the eddy (e.g., the
eddy centre, identified as the local minimum in the horizontal current
speed) were not aligned vertically, with mis-alignment of up to 60 km at
1000 m depth. Eddy tilting has been previously seen in other regions
(e.g., Roemmich and Gilson, 2001) - but the study by Oke and Griffin
(2011) was the first acknowledgement of this characteristic in the EAC
region. Subsequently, Roughan et al. (2017) intensively observed
(sampled at high spatial resolution) two contrasting cyclonic eddies and
also noted a significant tilt. This titling is thought to influence the
biological productivity around an eddy — with potentially nutrient-rich
water not only transported horizontally around the eddy, but also
vertically — perhaps in and out of the surface mixed-layer and euphotic
zone (see Oke and Griffin (2011)). Additionally, we expect that the
tilting of eddies is likely to influence the water mass exchange within
the eddy and its energetics. These recent findings lead us to speculate
that many (perhaps most) EAC eddies have a tilt — but also note that the
mechanisms resulting to tilting are not well understood.

The widely-accepted conceptual model of vertical velocity within
eddies is of an upward (downward) flow at the centre of cyclonic
(anticyclonic) eddies, as depicted schematically by McGillicuddy et al.
(1998). While this picture must be true when an eddy first forms, or as
they rapidly intensify — as noted by Flierl and McGillicuddy (2002) - it
is unclear whether this occurs in “mature eddies”. Vertical velocity
cannot be reliably measured from observations, so studies of the ver-
tical velocities associated with eddies have almost exclusively been
based on model results. Several studies of individual eddies have re-
ported the vertical velocities of EAC eddies (e.g., Oke and Griffin, 2011)
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— but none have reported results consistent with McGillicuddy’s con-
ceptual model. Rather, Oke and Griffin (2011) described an example
with large vertical velocities around the perimeter of a cyclonic eddy
that they assumed to be related to eddy tilt. Pilo et al. (2018) in-
vestigated the vertical velocities of EAC eddies in more detail, showing
that many long-lived (up to 5-years), large-amplitude, anticyclonic
eddies have four local extrema around each eddy — with a quad-polar
pattern (e.g., Fig. 16). Pilo et al. (2018) showed that this feature of
eddies was caused by “eddy distortion”, where an eddy changes shape
(becoming more or less isotropic). Schaeffer et al. (2017) reported
observations of frontal eddies from high-resolution HF radar data off
Coffs Harbour, noting evidence of enhanced nutrient enrichment in the
vicinity of these small (sometimes just 10 km radius), but energetic
eddies. This fascinating picture of the vertical circulation associated
with eddies is evident in fields of data-derived vertical velocity
(Nardelli, Oct 2013) and in idealised modelling studies in other regions
(Martin and Richards, 2001); but the prevalence of these patterns in
EAC eddies is unclear.

Lens-type eddies in the EAC region were first observed in the 1980s
(e.g., Cresswell (1983) and Cresswell and Legeckis (1986)), and have
again been the focus of a number of studies of individual eddies in
recent years. Using glider data, Baird and Ridgway (2012) showed three
lens-type anticyclonic eddies off eastern Australia (Fig. 17). These ed-
dies have a subsurface core, between 400 and 600 m depth, and carry a
patch of Bass Strait Water in their interior. Using results from an eddy-
resolving ocean model, Pilo et al. (2015b) showed that sometimes
surface-intensified eddies, formed near the EAC separation point, sub-
duct as they propagate southwards. Pilo et al. (2015b) presented ex-
amples where such eddies propagate around Tasmania and towards the

Indian Ocean - retaining lens-type properties for several years. We note
that details of the subduction process in EAC eddies remains poorly
understood.

Few studies of individual EAC eddies have focused on eddy particle
retention. Using data from two drifting buoys trapped in an EAC an-
ticyclonic eddy for 60days, Brassington (2010) described the time
evolution of eddy surface divergence. The buoys converged on four
separate occasions during the time period, before being finally ejected
after an eddy merging event (Brassington et al., 2011). Condie and
Condie (2016) estimate eddy retention time scales across a range of
oceanic environments including two cyclonic eddies and one antic-
yclonic eddy within the EAC System. They found retention times of
modelled plankton within these eddies ranged from 13 to 40 days. Al-
though some effort has been made quantifying retention by individual
eddies, a systematic approach to understand retention by eddies in this
region is lacking.

6. Interannual and decadal variability

Consistent with reports of warming in WBCs around the world (Wu
et al., 2012), a 60-year time series of temperature off eastern Tasmania
shows variability with a quasi-decadal period and a positive long-term
trend (Fig. 18). This supports the assertion in several studies that the
South Pacific sub-tropical gyre has spun up since the 1990s (Roemmich
et al., 2007, who analysed 1993-2004), resulting in an increase in the
volume transport of the EAC jet (Ridgway et al., 2008, considering
1995-2001) that appears related to changes in the basin-wide wind
stress field (Oke and England, 2004; Cai, 2006; Roemmich et al., 2007;
Hill et al., 2008; Oliver and Holbrook, 2014). Some studies have
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Fig. 16. Daily mean fields of depth-averaged (0-2000 m) vertical velocity in an
anticyclonic eddy in the EAC region from a near-global, eddy-resolving ocean
model (Oke et al., 2013); adapted from Pilo et al. (2018). The bold black lines
are the 0.1, 0.25 and 0.5 m SLA contours, and the thin black lines are the 1000
and 3000 m isobaths.

attributed the changes in the gyre strength and location (noting a
poleward shift) to changes in the wind stress curl (e.g., Oke and
England, 2004; Cai, 2006; Roemmich et al., 2007), and some have
linked changes in frequency and intensity of Rossby waves to the EAC
transport and separation (Hill et al., 2008; Holbrook et al., 2011). Some
studies suggested that the “gating” between flow along the “Tasman
Front” and the “EAC Extension”, as described in Section 2, varies on
decadal and longer time-scales (Hill et al., 2011; Oliver and Holbrook,
2014; Sloyan and O’Kane, 2015). Cetina-Heredia et al. (2014) found
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scales, but how it will change in the future is unclear. Climate projec-
tions, using coarse-resolution models suggest that the EAC jet will
strengthen, resulting in warming in the south Tasman Sea (Cai et al.,
2005). Some eddy-resolving climate downscaling studies have also been
undertaken (Chamberlain et al., 2012; Sun et al., 2012), suggesting that
we might expect stronger transports along the path of the EAC Exten-
sion, and a more energetic eddy field (Matear et al., 2013; Oliver and
Holbrook, 2014). It’s likely that downscaling will continue to be im-
portant, since the coarse models used for climate projections don’t re-
solve the key elements of the EAC System, namely the EAC separation,
path, and its eddies. Analysis of ocean observations, like that of Rykova
and Oke (2015), for contemporary periods will also play a role in the
early detection of changes to the EAC System.
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7. Conclusion

Despite decades of research, there is still wide-spread mis-
understanding about the typical ocean circulation in the EAC region
(Fig. 1). This is reminiscent of the early pontification of Hamon (1980),
who authored an article entitled, “The East Australian Current — con-
tinuous, or a series of eddies?” In this review paper, we present a re-
fined picture of the EAC System that reflects new and old understanding
of the region. Consistent with the early speculation and inference of
Hamon (1980) and Godfrey et al. (1980), and the evidence from more
recent observations and models, we suggest that the EAC System con-
sists of the EAC jet and a field of eddies, extending southwards and
around Tasmania, and across the Tasman Sea towards New Zealand -
feeding the East Auckland Current. The EAC is a meandering, poleward
flow that becomes a complex field of eddies that decay, merge, and
advect (Fig. 2). We show that this contrasts with other WBCs (e.g.,
Fig. 4), where a long, continuous, offshore stream is often present (e.g.,
Gulf Stream Extension). For the EAC, we observe that at no point in
time is there evidence of a continuous, coherent flow along either the
Tasman Front (Andrews et al., 1980) — towards New Zealand — or the
EAC Extension — around Tasmania (Ridgway and Dunn, 2003). Rather,
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we show that these features only appear in time-averages of the cir-
culation, or as a train of eddies. This picture of the EAC refines the
many different views of the EAC, as represented in many published
schematics (Fig. 1), where it is implied that the Tasman Front and the
EAC Extension are features of the EAC System that are present as
continuous, semi-permanent streams. We present evidence to support
this view from both observations and models.

Another aspect of the EAC System that differs from other WBCs is
the co-location of eddies to the EAC jet. We show that eddies are ty-
pically present along the entire path of the EAC jet (e.g., Fig. 13) — not
just after the EAC jet separates from the coast. By contrast, for other
WBCs, an energetic eddy field (evident in high EKE or high sea-level
variance) is restricted to the regions where the WBC flows offshore
(e.g., Gulf Stream or Kuroshio Extensions). Unlike other WBCs, the EAC
System is also strongly influenced by role of the ITF, the presence of
New Zealand, and unique aspects of the wind stress curl over the South
Pacific Ocean. These elements rendering the EAC as the weakest of all
WBCs.

For the first time, we now have some observations of the full depth
of the EAC (Sloyan et al., 2016), however there is still work to be done
in characterising the variability of the EAC and understanding of the
dynamics of the EAC jet itself. For example, observations show that the
EAC jet sometimes has a sub-surface velocity maximum. But a dyna-
mical explanation for this feature has not been proposed and re-
production of the sub-surface maximum in models is uncommon (with
few exceptions: Gibbs et al., 2000; Roughan et al., 2003). By contrast,
we note that most modelling studies show a surface-intensified flow
associated with the EAC jet. We also do not know the prevalence and
spatial extent of the sub-surface core. This warrants further investiga-
tion.

Despite the progress that we have made in our understanding of the
EAC System, we still do not fully understand the mechanisms driving
the separation of the EAC jet from the coast. In this review, we refer to
many studies that propose different mechanisms that influence se-
paration. For each mechanism, there is convincing evidence in the
published literature that supports each argument. We therefore suggest
that most — perhaps all - of the cited mechanisms play a role at different
times. This aspect of the EAC System needs more investigation.

We also describe and provide comments on recent work on the EAC
region, with reference to early studies of the EAC and its eddies.
Arguably, the most progress over the past decade has been made in our
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understanding of EAC eddies themselves. We now have significant in-
sight into their shedding frequency, lifespan, water-mass character-
istics, mean paths, and their three-dimensional structure. While recent
modelling (Oke and Griffin, 2011) and observational (Roughan et al.,
2017) studies have shown that eddies tilt within the EAC System, and
we speculate that many (perhaps most) EAC eddies tilt, the dynamics
that drive eddy-tilting and the asymmetric three-dimensional structure
(and depth extent) are not well understood. Similarly, a complete pic-
ture of what factors influence the instabilities responsible for eddy
generation is unavailable — though we note that Bowen et al. (2005)
and Mata et al. (2006) provide strong evidence for EAC instabilities
originating upstream of the EAC, rather than propagating westward
from offshore. This means that prediction of the EAC eddy field remains
a challenge. Coincidentally, the region of highest eddy variability lies
adjacent to Australia’s most populated coastline, where societal impacts
are the greatest. This should motivate continued research on these
important aspects of the regional ocean circulation.
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