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Abstract The western Tasman Sea represents a global warming marine ‘‘hot spot,’’ where the waters are
warming at almost 4 times the global average rate, argued in the literature to be due to a ‘‘spin-up’’ of the
South Pacific subtropical gyre and extension of the East Australian Current (EAC). To further investigate and
test this paradigm, we analyze climate change simulations of Tasman Sea circulation and metrics on output
from the Ocean Forecasting Australia Model for the 20th and 21st centuries, forced by a global climate
model simulation under the A1B carbon emissions scenario. First, we show that the 1990s simulation esti-
mates of mean dynamic topography, present-day location of the EAC separation point, and volume trans-
ports of the EAC, EAC extension, and flow along the Tasman Front, are consistent with recent observations.
We further demonstrate that between the 1990s and 2060s, the volume transport of the EAC extension is
projected to increase by 4.3 Sv at the expense of the flow along the Tasman Front (projected to decrease by
2.7 Sv). The transport of the EAC core flow (equatorward of the separation point) is projected to change
very little (increase of 0.2 Sv). The model projects a Tasman Sea-wide warming, with mean increases of up
to 3�C. These results are interpreted using a simple linear, barotropic model which captures both the sign
and meridional distribution of the projected changes in mean transport, including negligible change in core
EAC transport but enhanced EAC extension. This meridional asymmetry in the transports is consistent with
the wind-forced ocean response to changes in the basin-wide wind stress curl.

1. Introduction

The subtropical western boundary current regions are hot spots for global climate change [Wu et al., 2012].
In the South Pacific Ocean, the surface and near surface waters of the southwest Tasman Sea, focused
between Tasmania and �150�E, have been warming at �3–4 times the global average rate for the past few
decades [Holbrook and Bindoff, 1997; Ridgway, 2007]. This warming is having significant impacts on the
marine ecology off southeastern Australia, with warm-water species moving poleward and displacing the
indigenous cold-water species, and where any further migration or displacement of coastal species is lim-
ited by the southward extent of the continental shelf just south of Tasmania [Last et al., 2010; Johnson et al.,
2011]. Accurate projections of ocean climate change for this region, and a better understanding of the
underlying physical mechanisms governing these changes, are important in order to appropriately inform
the development of adaptation strategies for marine species.

The western boundary current of the South Pacific, consisting of the southward flowing East Australian Cur-
rent (EAC) and EAC extension, as well as the eastward flow along the Tasman Front and complex currents
around New Zealand, appears to have undergone significant changes in recent years. Roemmich et al.
[2007] estimate that the South Pacific subtropical gyre sea surface height pattern increased by 12 cm
between 1993 and 2004 with the maximum change occurring just east of New Zealand—and refer to this
as a ‘‘spin-up of the gyre.’’ These changes are identified as a gyre-scale response to an increase in the wind
stress curl east of New Zealand. Parallel research suggests that the observed multidecadal increases in tem-
perature and salinity recorded at Maria Island off Tasmania’s east coast are due to a southward penetration
(extension) of the EAC between 1945 and 2007 [Ridgway, 2007]. Hill et al. [2008] further suggest that the
observed interannual to decadal scale changes in temperature and salinity at Maria Island are due to basin-
scale wind forcing changes in the South Pacific, with the 3 year lag response being too short for the influ-
ence of remote baroclinic Rossby waves. Using ocean state estimates from reanalysis data, Hill et al. [2011]
further show that a 3 year lag correlation is also apparent between the southward transport in the EAC and

Special Section:
Western Pacific Ocean
Circulation and Climate

Key Points:
� EAC extension transport is projected

to increase
� Transport along Tasman Front is

projected to decrease
� Changes consistent with linear

barotropic model and basin-wide
wind stress curl

Correspondence to:
E. C. J. Oliver,
eric.oliver@utas.edu.au

Citation:
Oliver, E. C. J., and N. J. Holbrook
(2014), Extending our understanding
of South Pacific gyre ‘‘spin-up’’:
Modeling the East Australian Current
in a future climate, J. Geophys. Res.
Oceans, 119, 2788–2805, doi:10.1002/
2013JC009591.

Received 9 NOV 2013

Accepted 21 APR 2014

Accepted article online 23 APR 2014

Published online 12 MAY 2014

OLIVER AND HOLBROOK VC 2014. American Geophysical Union. All Rights Reserved. 2788

Journal of Geophysical Research: Oceans

PUBLICATIONS

http://dx.doi.org/10.1002/2013JC009591
http://onlinelibrary.wiley.com/journal/10.1002/(ISSN)2169-9291/specialsection/WPOCC1/
http://onlinelibrary.wiley.com/journal/10.1002/(ISSN)2169-9291/specialsection/WPOCC1/
http://onlinelibrary.wiley.com/journal/10.1002/(ISSN)2169-9291/
http://publications.agu.org/


decadal variations in the basin-wide South Pacific wind stress curl, at the expense of eastward flow along
the Tasman Front to New Zealand. This 3 year lag is also identified in a linear, reduced-gravity ocean model-
ing study by Holbrook et al. [2011] to be consistent with decadal El Ni~no-Southern Oscillation (ENSO) scale
forcing across the South Pacific that connects the EAC upper ocean transports with observed sea levels in
Sydney, with baroclinic Rossby waves being the important explanatory mechanism for these changes. In
the mean, Cai et al. [2005] and Cai [2006] show that high-latitude changes in wind stress curl can lead to
changes not only in the circulation of the South Pacific Gyre but also in the circulation of the southern hemi-
sphere ‘‘supergyre’’ which links the three southern hemisphere subtropical gyres.

In this study, we have used dynamically downscaled global climate change projections to examine changes
in the marine climate of the Tasman Sea region, with particular focus on the western boundary current sys-
tem. We build upon the studies by Chamberlain et al. [2012] and Sun et al. [2012], which detail the dynami-
cally downscaled global climate projections and the impact of climate change on the large-scale circulation
around Australia. The present study also builds upon the research by Matear et al. [2013], which examines
the climate change signal in the Tasman Sea with a particular focus on the change in eddy activity and asso-
ciated increase in nutrient supply and primary productivity in the upper ocean, and upon Oliver et al. [2014],
which focused on the projected changes in Tasman Sea surface temperature extremes. Here we focus on
changes in the mean circulation, and demonstrate that the core EAC transport into the Tasman Sea is pro-
jected to change very little, while the poleward transport by the EAC extension is increased at the expense
of the eastward transport along the Tasman Front. We apply a linear barotropic model based on the
Sverdrup transport and Godfrey [1989] Island Rule to show that the transport changes in the western
boundary current are consistent with changes in basin-wide South Pacific wind stress curl, in terms of both
the sign and meridional distribution.

This paper is outlined as follows: the dynamically downscaled ocean model and observations used for vali-
dation are presented in section 2. In section 3, we present an overview of the general bathymetry and circu-
lation in and around the Tasman Sea. In section 4, we compare the ocean model projections of the mean
circulation pathways and transports through the Tasman Sea. In section 5, we estimate the position of the
EAC separation point for the 1990s against observations and provide estimates of the model projected
changes between the 1990s and 2060s. The relative changes in volume transport of the EAC, EAC extension,
and flow along the Tasman Front are interpreted in section 6 using the simple linear barotropic model
forced by surface wind stress fields for the 1990s and the 2060s. A summary and discussion is presented in
section 7.

2. Data

We used dynamically downscaled ocean model simulations for the 1990s and 2060s decades to investigate
the ocean circulation response to climate change in the Tasman Sea. The downscaling was performed using
the Ocean Forecasting Australia Model (OFAM) [Oke et al., 2008] forced by a reanalysis representation of the
present-day climate and by a global climate model projection of climate change (using the CSIRO Mk3.5 cli-
mate model under an A1B emissions scenario) [Chamberlain et al., 2012; Sun et al., 2012]. OFAM runs quasi-
globally (70�S and 70�N) with 47 z-levels in the vertical (with 10 m resolution in the upper 200 m) and 1/10�

horizontal resolution (eddy-resolving) in the greater Australia region (90�E to 180�E, 70�S to 20�N) coarsen-
ing outside of this domain gradually up to 2� horizontal resolution in the North Atlantic Ocean.

The model forcing fields were developed as follows [Chamberlain et al., 2012; Sun et al., 2012]. In the control
(CTRL) simulation, OFAM was forced repeatedly by ‘‘normal year’’ forcing representing the decade of the
1990s. This ‘‘normal year’’ forcing comprises ocean surface fluxes of heat, freshwater, and momentum gener-
ated from European Centre for Medium-Range Weather Forecasts (ECMWF) Reanalysis output (ERA-40)
[Uppala et al., 2005] and filtered so that variability on time scales of 1 year or less are retained but major cli-
mate variability modes such as El Ni~no, Indian Ocean Dipole, etc., are in neutral states (see Chamberlain
et al. [2012], for details on the ocean model and forcing fields). Therefore, the forcing fields contain no vari-
ability on interannual (or longer) time scales. Global climate model (CSIRO Mk3.5) simulations, forced under
the A1B emissions scenario, provide climate change projections through the 21st century. In what we refer
to as the A1B simulation, OFAM was forced by modified fields generated by adding the CSIRO Mk3.5 pro-
jected change between the 1990s and 2060s decades to the normal year forcing. We obtained mean fields
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of sea surface height (SSH) and three-dimensional circulation from the last 9 years of the CTRL and A1B sim-
ulations over the domain bounded by 140�E, 180�E, 50�S, and 20�S.

We obtained two estimates of mean dynamic topography (MDT) based on oceanographic observations.
The MDT relative to 2000 m was obtained from the CSIRO Atlas of Regional Seas (CARS) climatology (www.
cmar.csiro.au/cars) [Ridgway et al., 2002; Dunn and Ridgway, 2002; Condie and Dunn, 2006], which has been
mapped using a loess filter approach from historical temperature and salinity in situ observations. We also
obtained the CNES/CLS 2009 MDT from Archiving, Validation, and Interpretation of Satellite Oceanographic
Data (Aviso, http://www.aviso.oceanobs.com), which is a multivariate combination of MDT estimates
remotely sensed from the Gravity Recovery and Climate Experiment (GRACE) and from in situ Argo and
conductivity-temperature-depth (CTD) measurements [Rio et al., 2011].

3. The Bathymetry and General Circulation of the Tasman Sea

The bathymetry of the southwest Pacific is complex (Figure 1a). The western boundary (146�E–154�E) is
formed primarily by the Australian continent which has a very narrow continental shelf, except in the region
of the Great Barrier Reef (equatorward of 25�S). The Tasman Sea, containing the broad and deep Tasman
Abyssal plain (>4000 m depth), extends between Australia and New Zealand approximately from 30�S to
50�S. A series of meridionally oriented ridges and troughs are found east and northeast of the Tasman Sea
between 160�E and 180�E: Lord Howe Rise, New Caledonia Trough, Norfolk Ridge, Three Kings Ridge, Col-
ville Ridge, Havre Trough, and Kermadec Ridge. These ridges and troughs extend into the Coral Sea and
lead into the archipelagos of New Caledonia, Vanuatu, and Fiji, each with their own complex bathymetries.
At the southern end of these ridges and troughs lies New Zealand, and the Challenger Plateau to its west
makes the eastern Tasman Sea relatively shallow. To the southeast of New Zealand lies the shallow Chat-
ham Rise and Campbell Plateau regions and to the south of Tasmania lies the South Tasman Rise.

The general ocean circulation in and around the Tasman Sea is shown schematically in Figure 1b. The South
Equatorial Current, which flows westward between 10�S and 20�S (not shown), forms the northern bound-
ary of the South Pacific subtropical gyre. Upon reaching the western boundary at �18�S, it bifurcates
[Scully-Power, 1973; Church, 1987] leading to northward flow, the Hiri Current, as part of the Coral Sea Gyre
and southward flow as the western boundary current of the South Pacific Subtropical Gyre (not shown). The
southward flow intensifies as the EAC [Godfrey et al., 1980], the primary western boundary current in the
South Pacific, which has intense southward flow (25–37 Sv) [Ridgway and Dunn, 2003] between 27�S and

Figure 1. Tasman Sea bathymetry and general circulation. (a) Colors indicate the bathymetric depths across the region, from OFAM, with notable seas and bathymetric features identi-
fied. (b) Schematic of the regional oceanography including ocean currents and fronts. EAUC 5 East Auckland Current, ECC 5 East Cape Current, SC 5 Southland Current.
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33�S. Between 32�S and 35�S, the EAC separates from the coast [e.g., Godfrey et al., 1980; Ridgway and
Dunn, 2003] and undergoes a retroflection before forming a broad meandering eastward outflow approxi-
mately along the Tasman Front in the northern Tasman Sea [Denham and Crook, 1976; Stanton, 1979;
Boland and Church, 1981]. Part of the flow along the Tasman Front continues eastward into the open Pacific
Ocean and part of it reattaches to the western boundary along the northern coast of New Zealand, forming
the East Auckland Current (EAUC) and East Cape Current (ECC), before separating again at about 42�S
[Heath, 1985; Stanton et al., 1997; Tilburg et al., 2001]. The separation of the EAC that occurs at 32–35�S off
eastern Australia is in fact only a partial separation, albeit the largest part. The remaining reduced flow—
referred to as the EAC Extension—is eddy-rich and highly variable and continues southward along Austral-
ia’s eastern shelf break to Tasmania [Ridgway and Dunn, 2003; Suthers et al., 2011; Brassington et al., 2011]. A
small portion of this flow continues westward around the southern tip of Tasmania, forming what is called
the Tasman Leakage [Speich et al., 2002] or Tasman Outflow [Ridgway and Dunn, 2007], and which links the
Pacific Ocean and Indian Ocean subtropical gyre circulations. The remainder is dissipated as it leaves the
shelf and interacts with the strong Antarctic Circumpolar Current or joins the general eastward drift across
the Tasman Sea toward New Zealand [Tilburg et al., 2001; Ridgway and Dunn, 2003].

4. Validation of OFAM Mean Circulation

In this section, we evaluate the ocean model representation (simulation for the 1990s) of mean dynamic
topography (section 4.1), geostrophic and Ekman volume transports (sections 4.2 and 4.3), the location of
the EAC separation point (section 4.4), and the eddy kinetic energy (section 4.5) against observed estimates.

4.1. Surface Mean Dynamic Topography
The mean dynamic topography (MDT) of the ocean surface defines the surface currents, and these are indic-
ative of the mass transports through the region—hence, MDT can be used to describe the general pattern
of geostrophic flow [e.g., Gill, 1982]. The ocean model captures well the observed general structure of the
MDT in the Tasman Sea (Figure 2). The EAC is evident in both the CTRL simulation and the observations as a
strong zonal gradient in MDT across the continental shelf of eastern Australia between about 23�S and 34�S
at which point there is a partial separation of flow from the continental shelf. In both the model and
observed fields, the majority of the southward flow separates from the shelf in the vicinity of 33–34�S and
retroflects with some of the flow being recirculated through a quasi-standing anticyclonic eddy, and forms
a broad eastward flow across the northern edge of the Tasman Sea (the Tasman Front). The recirculation is
much stronger in the model than in the observations; also, the Tasman Front is narrower and oriented more
zonally in the model than in the observations where it has a small northward component. The observed
general eastward flow to the north of New Zealand and partial reattachment to the western boundary
along the northern and eastern coasts of New Zealand followed by a second separation around 42�S–43�S
is evident in the model fields, although the model seems to predict a larger degree of reattachment along
northern New Zealand and a weaker boundary current south of East Cape than is observed. Finally, the
model captures the EAC extension flow, that portion of the EAC that does not separate from the shelf, along
the coast of Australia poleward of �33�S including its weakening at higher latitudes as the flow continually
leaves the shelf and forms a general eastward drift across the Tasman Sea. It should be noted that the
model simulated EAC extension flow through the Tasman Sea tends to be narrower than the observed esti-
mates. Nevertheless, as will be shown in section 4.3, the model estimates of these volume transports are
consistent with observations.

4.2. Geostrophic and Ekman Depth-Integrated Currents
The depth-integrated geostrophic flows ðUg; VgÞ (Figure 3a) were estimated from the depth-integrated
steric height relative to 2000 dbar (h2000; Figure 3b), following Ridgway and Godfrey [1994] (henceforth
RG94) and Ridgway and Dunn [2003], and compared with those simulated by the ocean model (Figures 3c
and 3d). From the CARS temperature and salinity climatology, the full vertical structure of steric heights rela-
tive to 2000 dbar was calculated (i.e., steric heights as function of depth through the water column) and
integrated from the surface to 2000 dbar to yield h2000. The reference level of 2000 dbar (level of no motion)
was chosen to be consistent with previous studies (RG94) [Ridgway and Dunn, 2003]. In regions, where the
bathymetry occupies depths shallower than 2000 m, we linearly interpolated h2000 in (x, y) space across this
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bathymetry. The depth-integrated geostrophic currents were estimated by calculating the horizontal gradi-
ent of h2000 [e.g., Godfrey, 1989; IOC et al., 2010] according to

ðUg; VgÞ5
g
f

2
@h2000

@y
;
@h2000

@x

� �
; (1)

where g 5 9.8 m s22 is the gravitational acceleration and f is the Coriolis parameter (Figure 3a). For the
ocean model simulation, we first calculated the steady state depth-integrated Ekman transport ðUE; VEÞ
using the wind stress forcing fields s [e.g., Gill, 1982, equation (9.2.7)] and

ðUE; VEÞ5
1
qf
ðsy;2sxÞ; (2)

where q is the water density (taken to be 1025 kg m23), and then subtracted these from estimates of the
modeled total depth-integrated currents (U, V) to yield the geostrophic flow, assuming

Figure 2. Mean dynamic topography (MDT) of the Tasman Sea surface. MDT is shown (a) estimated from CARS temperature and salinity fields to a reference depth of 2000 m, (b) derived
from remotely sensed and in situ observations by Aviso (CNES/CLS09 MDT), and from the (c) CTRL and (d) A1B ocean model simulations. Note that mean sea surface height is equivalent
to the MDT for the ocean models since there is no model geoid. The datum level of MDT from CNES/CLS09 and the ocean model simulations have been offset so that they have the
same value as the CARS MDT at the reference location (165�E, 35�S).
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ðU; VÞ5ðUg1UE; Vg1VEÞ. The Ekman transport indicates northward flow over much of the Tasman Sea and
southward flow north of �30�S (Figure 3e).

The EAC, Tasman Front, and EAC extension are all features evident from both the observed and modeled
geostrophic flows (Figures 3a and 3c). The modeled flow appears to represent the EAC quite well, although
its separation and retroflexion are stronger than observed. Both the EAC extension and the flow along the
Tasman Front appear stronger in the model results than have been observed. It is difficult to unequivocally
compare these, however, since the apparently broader and more diffuse observed flows are also defined
and limited to some degree by spatial and temporal sampling rates, while the model has its own limitations

Figure 3. Mean depth-integrated geostrophic and Ekman currents the Tasman Sea. Mean depth-integrated geostrophic currents are
shown (a) derived from the CARS depth-integrated steric height (relative to 2000 db, shown in Figure 3b) and from the (c) CTRL and (d)
A1B ocean model runs. Ekman transports, calculated from the wind fields used to force the ocean model, are shown for the (e) CTRL and
(f) A1B simulations.
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albeit that it is highly resolved. Despite these differences, the transports are remarkably similar between the
observations and model results.

4.3. Volume Transports Into and Out of the Tasman Sea
Estimates of the volume transports, derived from the CARS steric height field h2000 and the model simulated
currents, of the primary flows into and out of the Tasman Sea (the EAC, EAC extension, and the Tasman
Front) were calculated across the sides of a closed box encompassing the Tasman Sea, following the
approach of RG94. The sections were chosen to match RG94 as closely as possible, with direct correspond-
ences for segments AB, BC, DE, and EF (Figure 4, solid lines). However, the eastern edge of the box (CD) in
RG94 was defined by a multipart segment that cuts north from point C to a latitude of �33�S before cutting
diagonally across to point D (Figure 4, dashed line). We found it difficult to close the transport budget for
flow calculated normal to the diagonal segment and instead chose a segment running directly north from
New Zealand to point D (GD, Figure 4). The eastward flow out of the Tasman Sea generally continues north
of New Zealand, if we neglect the flow through Cook Strait, and therefore we do not consider that this
change in box geometry has significantly impacted the results (Cook Strait transports are <0.2 Sv from both
model simulations; observed estimates of the flow through Cook Strait are <1 Sv) [e.g., Chiswell, 2000]. We
also neglect the flow through the shallow Bass Strait (transports are <0.7 Sv from both model simulations).
Finally, we have added a segment (HI) running south of Tasmania in order to monitor flow associated with
the Tasman Leakage.

The geostrophic volume transports into and out of the Tasman Sea are broadly consistent between the
ocean model CTRL simulation and those observed by RG94 and CARS. The modeled EAC transport into the
Tasman Sea across 28�S is within 0.1 Sv of the RG94 value and 1.7 Sv of the CARS value (EF, Figure 4a; 27.4
Sv for RG94, 25.8 Sv for CARS, 27.5 Sv for CTRL). The return flow northward across 28�S is much smaller in
the CTRL simulation than is observed (DE, Figure 4a; 18.4 Sv for RG94, 14.8 Sv for CARS, 8.8 Sv for CTRL) and
the outflow along the Tasman Front eastward across 173�E is much greater in the CTRL simulation (DG, Fig-
ure 4a; 4.1 Sv for RG94, 3.7 Sv for CARS, 12.7 Sv for CTRL). This is due to the fact that the model predicts a
more focused eastward flow along the Tasman Front while the observations indicate a broader northeast-
ward flow north of the core of the Tasman Front (compare observed and modeled MDT fields, Figure 2).
Nevertheless, the total outflow along the Tasman Front (ED 1 DG) is within 1.0 Sv of the RG94 value and 3.2
Sv of the CARS value (22.5 Sv for RG94, 18.5 Sv for CARS, 21.5 Sv for CTRL). At the southern boundary of the
Tasman Sea, the model projections are similar to the observations. Both the broad northward transport into
the Tasman Sea (BC, Figure 4a; 1.0 Sv for RG94, 3.2 Sv for CARS, 2.2 Sv for CTRL) and the focused southward
transport out of the Tasman Sea by the EAC extension (AB, Figure 4a; 8.1 Sv for RG94, 9.7 Sv for CARS, 9.7 Sv
for CTRL) are consistent with the observed estimates. The Ekman volume transports, typically less than 1 Sv
across any section, are always directed into the Tasman Sea and broadly consistent between the model
transports and observations (Figure 4b; total inflow of 2.2 Sv for RG94, 1.0 Sv for CTRL). Note that the differ-
ence in Ekman transport between RG94 and the CTRL run winds is not due to the difference in time period
over which these estimates are calculated. The change in Ekman transport between 1975–1989 and 1990–
2002 (calculated from ERA-40 10 m winds) is <10% relative to the earlier period for all sections except AB
(in which case it is <20%). The total volume transport into and out of the Tasman Sea from the CTRL simula-
tion is balanced within 1.5 Sv.

We also calculated the flow around the southern tip of Tasmania. The net flow from the model simulation is
westward and quite large, although not much larger than the observed estimate from CARS (HI, Figure 4a;
8.1 Sv for CARS, 10.8 Sv for CTRL). This includes the eastward flowing Zeehan Current (�2 Sv) which is
trapped along the shelf break as well as the broader westward flow offshore, denoted the Tasman Leakage.
The magnitude of this flow is similar to our estimate from CARS (8.1 Sv) and from Rintoul and Sokolov [2001]
(2001) (8 6 13 Sv) but is a significant overestimate in comparison to Speich et al. [2002] (3 Sv) and Rosell-Fies-
chi et al. [2013] (3.8 6 1.3 Sv).

4.4. EAC Separation Point
We have estimated the mean path of the EAC, including the location of its separation from the continental
shelf, using the technique outlined in Thompson and Demirov [2006]. In that study, it was demonstrated
that sea level skewness can be used as an indicator of the mean path of western boundary currents. This is
due to the preferential pinching off of cyclonic eddies (negative sea level anomaly) and anticyclonic eddies
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(positive sea level anomaly) on the equatorward and poleward sides, respectively, of the mean jet path
[e.g., Boland and Church, 1981; Chelton et al., 2011].

We have mapped the sea level third moment (m3, which, for the purposes of defining the mean jet path, is
equivalent to skewness) for the observed (Aviso) and CTRL simulation sea levels (Figures 5a and 5b) and iden-
tify the mean jet path. There is clear delineation between regions of negative m3 north and east of the mean
path (Figure 5, blue) where cyclonic, or cold-core upwelling, eddies are preferred and regions of positive m3

(Figure 5, red) where anticyclonic, or warm-core downwelling, eddies are preferred. It is encouraging to note
that the mean volume transport tends to flow along the mean jet path (Figure 5, gray arrows) and that the
flow along the shelf break, followed by separation and retroflection, is evident in both the observations and
the model simulations.

Figure 4. Mean volume transports in to and out of the Tasman Sea. The numbers within each small box indicate the volume transport (in
Sv), in the direction indicated by the nearest black arrow, across each segment encompassing the Tasman Sea based on observations
(RG94 and CARS) and model simulations for the 1990s (CTRL) and the 2060s (A1B) decades. Both (a) geostrophic and (b) Ekman transports
are shown. Arrow lengths represent the approximate transport, relative to the other sections shown. The segments are defined by the fol-
lowing locations: A (148�E, 43�S), B (150�E, 43�S), C (170.5�E, 43�S), D (173�E, 28�S), E (155.7�E, 28�S), F (153.5�E, 28�S), G (173�E, 34.4�S), H
(146.5�E, 43.5�S), and I (146.5�E, 46�S). The gray arrows schematically show the underlying mean flow.
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The EAC separation point (Figure 5, black dot) was estimated by the intersection between the mean jet path
and the 2000 m isobath (Figure 5, thick black line) taken to be a proxy for the shelf break. The estimated sep-
aration point from Aviso (152.8�E,33.1�S) is about 75 km further south than previous observations which sug-
gest that it is at Sugarloaf Point (152.5�E, 32.4�S) [Godfrey et al., 1980]. It should be noted that we have
identified the EAC separation from the shelf break, defined by the 2000 m contour, and not separation from
the coastline. In fact, the zero m3 contour intersects with the coastline very near to Sugarloaf Point. The EAC
separation point in the CTRL model simulation is located slightly north of Sugarloaf Point, at (153.5�E, 31.8�S).

4.5. Eddy Kinetic Energy
While the mean circulation in the Tasman Sea is clearly significant, it is also important to examine how well
the model reproduces the mesoscale currents. Variability due to mesoscale eddies can be quite large in the
region, particularly in the EAC extension region [e.g., Suthers et al., 2011]. In western boundary current
regions, sea level variance is primarily due to mesoscale eddy variability and a meandering of the jet [Zlot-
nicki et al., 1989; Thompson and Demirov, 2006] and can be used as an indicator for eddy kinetic energy. The
observed sea level variance, calculated from Aviso, indicates a maximum (0.10–0.12 m2) around the EAC
separation region (Figure 6a). A region of elevated variance (>0.05 m2) extends latitudinally from about
40�S to 25�S and is largest near the coast. This region has a maximum meridional extent of over 10� longi-
tude at the latitude of the EAC separation point (�33�S), decreasing to about �5� longitude at the northern
and southern extremities. There are also elevated (�0.02 m2) levels of sea level variance extending south-
ward from the EAC separation point, along the EAC extension, and extending eastward, along the Tasman
Front, and in the Coral Sea north of �30�S.

The sea level variance estimated by the CTRL simulation is consistent with the observations (Figure 6c). The
model simulates the large eddy variability in the EAC separation region, along the EAC extension, Tasman
Front, and in the Coral Sea. The model simulation overestimates sea level variance by up to 50%, particularly
in the EAC separation region, along the Tasman Front, and in the Coral Sea. This may be partly due to the
low-frequency sampling rate of the observations (weekly) in comparison to the model simulation (daily;
e.g., error variances in geostrophic velocities estimated from altimeter sea level measurements are between
15% and 50%) [Leeuwenburgh and Stammer, 2002].

5. Model Projections for the 2060s

We now turn to the dynamically downscaled model projections for the 2060s from the A1B simulation, and
present modeled changes in Tasman Sea volume transports (section 5.1), the location of the EAC separation
point (section 5.2), and the changes in eddy kinetic energy (section 5.3) and mean Tasman Sea temperature
and salinity (section 5.4).

5.1. Mean Dynamic Topography and Volume Transports
In general, the mean SSHs from the A1B simulation exhibit the same primary features as the mean SSH
from the CTRL simulation and the observed MDT (Figure 2d). Clearly evident are the EAC, the EAC extension,

Figure 5. East Australian Current separation and retroflection. Third moment of sea level (m3, colored contours) and mean volume transport (gray arrows) shown for (a) observations
(sea level from Aviso and volume transport derived from CARS mean dynamic topography), (b) CTRL, and (c) A1B model runs. The solid line indicates the zero contour of m3 (an estimate
of the mean jet path) and the thick solid line indicates the 2000 m isobath (taken to represent the shelf break); the dashed line in Figure 5c indicates the zero contour of m3 from the
CTRL simulation. The black dots indicate the location of the EAC separation; the gray dot in Figure 5c indicates the EAC separation point for the CTRL simulation.
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and the Tasman Front, as well as the EAUC and the ECC along New Zealand’s boundary, and the Tasman
Leakage off the southern tip of Tasmania. The contours of mean SSH at the EAC separation point appear
closer together, possibly indicative of a stronger separation, although the quasi steady anticyclonic eddy at
this location also appears stronger and more coherent, indicative of a stronger recirculation after separation.
It is difficult to quantify any changes in flow rates from fields of mean SSH and so we now turn to volume
transports.

The mean geostrophic volume transports for the A1B simulation (Figure 3d), calculated by removing the
Ekman transports (Figure 3f) from the simulated total transports, exhibit the same general pattern as the
transports from the CTRL simulation and the observations. The EAC transport, between about 24�S and
32�S, appears to have a similar magnitude as the CTRL simulation while the recirculation, which occurs after
separation from the shelf around 33�S, appears much stronger. The transport across the Tasman Sea along
the Tasman Front appears weaker while the southward EAC extension appears stronger, as does the Tas-
man Leakage.

The downscaled future transports through the Tasman Sea, following the A1B simulation, are shown in Figure
4. While there is little change in Ekman transports, the geostrophic transports indicate a redistribution of the
flow. The core EAC transport has changed very little (EF, Figure 4a; 27.5 Sv for CTRL, 27.7 Sv for A1B) while the
eastward transport out of the Tasman Sea along the Tasman Front decreases by 3.9 Sv (DG, Figure 4a; 12.7 Sv
for CTRL, 8.8 Sv for A1B) and the southward transport out of the Tasman Sea by the EAC extension increases
by 4.3 Sv (AB, Figure 4a; 9.7 Sv for CTRL, 14.0 Sv for A1B), essentially closing the transport budget. Over the
remainder of the sections, the small increase in transport out of the Tasman Sea at the northern boundary
(DE, Figure 4a; 8.8 Sv for CTRL, 10.0 Sv for A1B) is nearly balanced (within �1 Sv) by the small increase in trans-
port into the Tasman Sea at the southern boundary (BC, Figure 4a; 2.2 Sv for CTRL, 3.6 Sv for A1B) and the

Figure 6. Sea level variance in the Tasman Sea. The variance of sea level is shown for (a) observations (Aviso) and the (c) CTRL and (d) A1B
model runs. The change in sea level variance between the CTRL and A1B model runs is shown in Figure 6b.
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slightly increased input by the EAC. The Tasman Leakage, i.e., the westward flow past the southern tip of Tas-
mania, is projected to increase by 4.8 Sv (HI, Figure 4a; 10.8 Sv for CTRL, 14.0 Sv for A1B).

The variability in the flow is high in this region, primarily due to eddy activity, and it was of concern how sig-
nificant the changes in transport were across the sections quoted above. We performed a paired t test [e.g.,
Devore, 1999] on the 9 year, monthly time series of geostrophic transports across each segment shown in
Figure 4 to test if the mean transports were significantly different between the CTRL and A1B runs. Serial
correlation of the monthly series was taken into account by estimating the effective sample sizes and num-
ber of degrees of freedom following the technique outlined in Zwiers and von Storch [1995]. We found that
simulated changes in the mean transport are significantly different from zero at the 5% level across AB (EAC
extension) and at the 1% level across DG (Tasman Front) and HI (Tasman Leakage). The changes in mean
transport across the other sections were not significant at a reasonable level of confidence.

5.2. EAC Separation Point
We estimated the mean path of the EAC flow, including the location of its separation point, for the A1B sim-
ulation (Figure 5c). As above, the estimated mean path follows well the path of greatest mean transport
(Figure 5c, compare black line and gray arrows). The separation point, defined as the intersection between
the mean jet path and the 2000 m isobath, is estimated to be (153.2�E, 32.6�S). This location is 0.8� latitude
further south and 0.3� longitude further west than the location estimated from the CTRL simulation. This
corresponds to a 93.4 km southward (poleward) shift of the EAC separation point along the shelf break.

5.3. Eddy Kinetic Energy
We calculated the sea level variance for the A1B simulation (Figure 6d). The sea level variance has broadly
the same pattern as for the observations (Figure 6a) and the CTRL run (Figure 6c), namely a peak near the
EAC separation point and elevated levels along the EAC extension, Tasman Front, and in the Coral Sea. How-
ever, the A1B simulation results in a larger sea level variance (up to a factor of two) in the EAC extension
region and in the interior of the Tasman Sea (Figure 6b). This may be due to enhanced eddy activity in these
regions. The A1B simulation also produced enhanced sea level variance immediately east of the EAC separa-
tion zone and along the Tasman Front, as well as a possible southward shift of the entire pattern by about
1� of latitude.

5.4. Temperature and Salinity Changes
We have estimated the changes in mean temperature and salinity in the Tasman Sea with a focus on the
surface changes along the continental shelf (Figure 7). Temperature is projected to increase throughout the
entire Tasman Sea, with larger magnitude near the surface: 0.5–3�C at the surface (Figure 7a), 0.5–2�C at
200 m (Figure 7b), and 0–0.5�C at 1000 m (Figure 7c). While surface changes are less than 2�C over most of
the domain, consistent with Global Climate Model projections of 1–1.5�C for this region [Meehl et al., 2007],
there is a ‘‘Tasman Sea hot spot,’’ centered near (160�E, 36�S) and roughly circular in extent with �15� diam-
eter, where sea surface temperature (SST) changes are in excess of 2�C. These elevated changes in SST also
extend to the Australian coast at roughly the location of the EAC separation indicating that these SST
changes may be due to increased warm water advection into the Tasman Sea by an enhanced EAC recircu-
lation at the separation point (see section 5.1). There is also a signature of elevated temperature change at
both the 200 m and 1000 m depths collocated with the enhanced quasi-stationary anticyclonic EAC recircu-
lation eddy (155�E, 33�S).

Salinity changes are more heterogeneous in space, both horizontally and vertically, than the temperature
changes. At the surface, salinity is decreased by approximately 0.2 PSU in the core of the EAC and by 0.1–
0.2 PSU southwest of New Zealand, while it is increased by up to 0.1 PSU in a band running east and north-
east of Tasmania (Figure 7d). At 200 m depth, salinity is decreased by 0–0.1 PSU over most of the domain
(up to 0.15 PSU along the west coast of New Zealand) and increases slightly (�0.05 PSU) southeast of Tas-
mania (Figure 7e). At 1000 m depth, there is an overall freshening by �0.05 PSU over the whole domain
(Figure 7f). These changes are broadly consistent with the warming and freshening of intermediate waters
seen in historical observations [Bindoff and Church, 1992; Wong et al., 1999].

The temperature and salinity properties of the surface waters along the continental shelf break are projected
to change significantly between the 1990s and 2060s. The surface temperature and salinity along the line
shown in Figure 7a (black line) for both the CTRL and A1B runs are provided in Figure 8a, color-coded by
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latitude. The line is meant to follow the continental shelf break, but since the dynamical downscaling afforded
by OFAM is not designed for the continental shelf [e.g., Oliver and Holbrook, 2014] the line is in fact the 200 m
contour, between 43.8�S and 25�S, shifted 1� longitude to the east (away from the shelf into the deep ocean
where OFAM tends to perform very well). At higher latitudes (44�S–41�S, east of Tasmania), there is a pro-
jected future warming (�12�C) and salinification (�10.05 PSU) consistent with the historical past changes
observed at Maria Island (148.23�E, 42.6�S) [Ridgway, 2007]. The salinification decreases as one moves equa-
torward along the line so that north of Bass Strait (38–39�S) there is a freshening of the surface waters (Figure
8c) while the temperature increase remains roughly constant over all latitudes (Figure 8b).

6. Interpretation: Sverdrup Stream Function and Island Rule Transports

In the present study, we have focused on the mean circulation in the Tasman Sea: the EAC, the EAC Exten-
sion, and the Tasman Front. In particular, we are interested in the relative strengths (i.e., volume transports)
of these features, as well as the location of the EAC separation point which demarcates them. In order to
estimate how these features respond to changes in the large-scale wind forcing, we take an approach based
on the Godfrey [1989] Island Rule. The Island Rule is a generalization of the Sverdrup stream function to

Figure 7. Projected changes in mean temperature and salinity. The difference between the A1B scenario and CTRL simulations of (a–c)
mean temperature and (d–f) salinity is shown for (a and d) the surface, (b and e) 200 m depth, and (c and f) 1000 m depth. The black line
shows the section used in Figure 8. Note areas of white indicate changes within (a and b) 60.5�C, (c) 60.25�C, (d and e) 60.05 PSU, and (f)
60.025 PSU.
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include the effect of islands, such as New Zealand, which lie between the primary eastern and western
boundaries of a basin [see also Wajsowicz, 1993; Pedlosky et al., 1997]. It is a general approach that facilitates
estimates of the volume transport of western boundary currents.

6.1. Theory
The barotropic Sverdrup stream function w(x, y) for the ocean can be calculated by zonally integrating the
depth-integrated meridional flow V (m2 s21) following the definition @w=@x5V , given an initial condition
for w at the eastern boundary. The meridional flow V is given by the Sverdrup balance:

bV5
1

qH
r3 s (3)

where b is the meridional derivative of the Coriolis parameter (m21 s21), q is water density (kg m23), H is
depth (m), and s is the surface wind stress vector (N m22). This relationship implies that a positive wind
stress curl leads to equatorward volume transport (Sverdrup transport). In order to close the circulation, and
due to friction and the b-effect, the Sverdrup transport must be balanced by an intense return (poleward)
flow at the western boundary: the western boundary current (WBC) [e.g., Gill, 1982; Samelson, 2011]. The
Island Rule [Godfrey, 1989] is an extension of Sverdrup theory which calculates the flow around islands, by
integrating the wind stress along a particular path encompassing the island, and incorporating the influ-
ence of such islands into the Sverdrup stream function.

The separation of WBCs from the western boundary may be interpreted using the Sverdrup balance. Sharp
meridional gradients in wind stress curl lead to convergence or divergence of the meridional flow and thus,
by continuity, zonal flows. The steady state depth-integrated continuity equation for an incompressible fluid
gives @U=@x52@V=@y, where U is the depth-integrated zonal fluid velocity, and so convergence at the
western boundary (i.e., divergence in the interior of the basin; @V=@y < 0) leads to an eastward flow away
from the boundary. This eastward flow may lead to separation or partial separation of the western boundary
current [e.g., Tilburg et al., 2001; Bostock et al., 2006].

A schematic of this process, a simple representation of the mean circulation at the western boundary of a
southern hemisphere ocean basin, is provided in Figure 9. Wind stress curl is positive over the South Pacific
subtropics and midlatitudes (Figure 9a) leading to equatorward flow (due to the Sverdrup balance and
neglecting any corrections due to the Island Rule) over the entire basin interior and poleward flow along
the western boundary (Figure 9c). North of some critical latitude yc the wind stress curl is large relative to its
value south of yc. Therefore, the boundary current is stronger for y > yc (the ‘‘western boundary current

Figure 8. Temperature and salinity properties along the continental shelf of southeastern Australia. (a) The mean surface temperature and salinity are shown on a T-S diagram as a func-
tion of latitude (colors) along the line shown in Figure 7 for the CTRL run (circles) and the A1B run (squares). Contours show density with labels in kg m23. The mean surface (b) tempera-
ture and (c) salinity along this line are shown as functions of latitude.
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(WBC)’’) and weaker for y < yc

(the ‘‘WBC extension’’) leading to
convergence at y 5 yc. Continuity
requires a zonal flow to balance
this convergence and so there
must be an eastward flow along
y 5 yc (the ‘‘outflow’’).

Consider the consequence of two
possible changes to the simple
flow schematic shown in Figure
9. First, consider the Case A
where the wind stress curl pole-
ward of the separation point ðy
< ycÞ is increased while the wind
stress curl equatorward of the
separation point ðy > ycÞ remains
unchanged (Figure 9d). The con-
sequence of this is that the WBC
transport ðy > ycÞ remains the
same while the transport in the
WBC extension is enhanced due
to the greater wind stress curl
over y < yc (Figure 9f). An addi-
tional consequence is that the
convergence at y 5 yc is reduced,
leading to a reduced outflow
(Figure 9f). Second, consider the
Case B where the entire meridio-
nal distribution of wind stress
curl is shifted southward (Figure
9g). The consequence of this is
that the WBC separation point
(the point of maximum conver-
gence, y 5 yc) shifts while the
strengths of the WBC, WBC
extension, and the outflow
remain the same (Figure 9i).

6.2. Application to CTRL and
A1B Surface Wind Stress
Forcing
The zonally averaged South
Pacific wind stress curl, calculated

from the model forcing fields for the CTRL run, is qualitatively consistent with this simple schematic (Figure
10a, black line). Specifically, the wind stress curl is larger on the equatorward side of the midlatitudes (30�S)
than on the poleward side (35–40�S), as in the schematic (Figure 9a). The zonally averaged wind stress curl
from the A1B run (Figure 10a, red line) exhibits a similar pattern albeit with increased values at higher lati-
tudes (poleward of 35�S). Therefore, we anticipate a response of the WBC transports following the concepts
presented in Case A outlined above. (Note that we have subsampled the 0.1� OFAM forcing fields every 2.5�

in latitude and longitude, corresponding to the original coarse-resolution forcing fields, in order to avoid
discontinuities in higher order derivatives. We then interpolated the zonally averaged fields onto a 0.1� grid
using a cubic spline in order to ensure continuity.)

The depth-integrated stream function for the South Pacific, calculated from the Sverdrup relation and the
Island Rule given the coarse 2.5� resolution CTRL run forcing fields and an initial value of w 5 0 on the

Figure 9. Schematic of western boundary flow, in the southern hemisphere, due to
meridional variations in wind stress curl. A schematic of (a) southern hemisphere midlati-
tude wind stress curl, and (b) its meridional derivative, which lead to (c) the boundary
flows and zonal outflows indicated by the arrows. Also shown are the changes in circula-
tion (red arrows) due to (Case A; d–f) an increase in high-latitude wind stress curl and
(Case B; g–i) a poleward shift in the wind stress pattern (red lines).
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eastern boundary, shows a clear South Pacific subtropical gyre (Figure 10b). There is northward flow over
much of the interior South Pacific, westward flow in the tropics leading to a bifurcation at the Australian
mainland, and the formation of the WBC poleward of 18�S. There is even a partial separation of the WBC,
with some eastward flow, around 35�S. The remainder of the WBC flow continues south along the Austra-
lian coastline. The South Pacific subtropical gyre estimated by this stream function is consistent—in shape,
magnitude, and Island Rule values for Australia and New Zealand—with previous estimates [Godfrey, 1989;
Cai et al., 2005; Cai, 2006; Godfrey and Dunn, 2010; Hill et al., 2008, 2011].

Meridional flow was estimated by calculating V5@w=@x using a first difference in x and the transport in the
WBC was calculated using the value of V in the first grid cell east of the Australian mainland (Figure 10c).
This follows under the assumption that the transport in the WBC at each latitude exactly balances the total
Sverdrup transport in the gyre interior at that latitude. Over the domain of interest here (25�S–40�S), there
is a peak in meridional transport of �40 Sv around 30�S (Figure 10c) (corresponding to the core of the EAC;
an overestimate of �40%) [see Ridgway and Godfrey, 1994], reduced transport of 35–40 Sv over the latitude
range 30�S–40�S (corresponding to the EAC extension), and maximum convergence of the meridional flow
occurring over the range �32.5–35�S, which by continuity will lead to a zonal outflow at these latitudes
(the Tasman Front). The estimated southward meridional flow across the Tasman Sea (integrated across the
basin between Australia and New Zealand) is 18.3 Sv (at 39.9�S) and 16.3 Sv (at 42.4�S) which is consistent
with previous Island Rule estimates of 10–20 Sv [Hill et al., 2008].

The change between the depth-integrated stream functions estimated from the CTRL and A1B forcing fields
is shown in Figure 10d. The change is dominated by a strengthening (by up to 5 Sv) of the subtropical gyre
in the Tasman Sea and just east of New Zealand. There is also a slight weakening (�2 Sv) of the gyre in the
interior of the South Pacific Ocean. The peak in meridional transport of the WBC is of similar magnitude
(�40 Sv) to that derived from the CTRL forcing fields and lies at the same latitude (30�S; Figure 10c). The
meridional transport at higher latitudes, corresponding to the EAC extension, is enhanced by the increased
wind stress curl south of yc, and the zonal outflow along �32.5–35�S (the Tasman Front) is reduced due to
the reduced convergence of meridional flow ð@V=@yÞ. This is consistent with the projected changes in geo-
strophic transports derived from the dynamically downscaled OFAM simulation (Figure 4), where the core
EAC varies little in intensity north of yc but the flow out of the Tasman Sea is redistributed such that the
intensity of the EAC extension is enhanced and the flow along the Tasman Front is reduced. While the

Figure 10. Depth-integrated wind-driven circulation according to the Godfrey [1989] Island Rule. (a) The zonally averaged South Pacific wind stress curl, shown for the CTRL (black) and
A1B (red) runs. Both the coarse 2.5� resolution (dots) and the fine 0.1� interpolated fields (lines) are shown. (b) The depth-integrated stream function (contours shown in Sv), calculated
from the CTRL surface wind stress fields according to the Island Rule, for the South Pacific Ocean and (d) the change (in Sv) between the stream functions derived from the CTRL and
A1B wind stress fields. (c) The meridional transport in the western boundary current, as a function of latitude along the coast of Australia, calculated from the Island Rule stream functions
for the CTRL (black) and A1B (red) forcing fields.
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magnitude of the transports derived from the Island Rule stream function are not wholly consistent with
those from OFAM, the general meridional pattern and the predicted redistribution of transport, due to the
change in wind stress curl, is consistent. In fact, it is remarkable that this relatively simple, linear theory is
able to capture these changes.

The change in latitude of maximum convergence (yc, i.e., the separation point), according to Sverdrup theory,
is not consistent between the Sverdrup model estimates and OFAM. The maximum convergence in the CTRL
Sverdrup stream function lies between 30�S and 37.5�S, while for the A1B scenario Sverdrup stream function
it lies between 30�S and 35�S (the steepest part of the lines in Figure 10c). While the OFAM simulations pro-
ject a �1� latitude poleward shift in the EAC separation point (section 4.4; Figure 5), the Sverdrup stream
functions predict, if anything, an equatorward shift in the average position. Therefore, the simple linear
theory is unable to capture the southward shift in the EAC separation point, which will be discussed further
in the next section.

7. Discussion

In this paper, we have examined the response of the mean western boundary current circulation of the
South Pacific subtropical gyre, using a dynamically downscaled model projection of climate change under
the A1B carbon emissions scenario. The downscaled projections, from the Ocean Forecasting Australia
Model (OFAM) in the Tasman Sea region, indicate that from the 1990s to the 2060s the volume transport in
the East Australian Current (EAC) extension, which carries warm water poleward of the mean separation
point from the east Australian coast, will increase (by 4.3 Sv) at the expense of the outflow along the Tas-
man Front (decrease by 2.7 Sv). Interestingly, the transport in the core of the EAC, which represents the
mean flow equatorward of the mean separation point, is projected to change very little (increase by 0.2 Sv).
Our findings extend the ‘‘spin-up of the gyre’’ paradigm, in which the entire South Pacific subtropical gyre
or Southern Hemisphere supergyre increases in strength over time [i.e., Roemmich et al., 2007; Cai, 2006], in
that we demonstrate that substantive changes in the western boundary current transports are projected to
only occur poleward of the EAC separation point. These projected changes in the circulation are consistent
with mechanisms that might explain the recent observations of increased upper ocean temperature and
salinity in the Tasman Sea ‘‘hot spot.’’

The projected mean circulation changes in the Tasman Sea are consistent with predictions from a simple
linear, barotropic model based on the Sverdrup transport and Godfrey [1989] Island Rule. Utilizing the pro-
jected South Pacific wind stress fields, the simple model captures the meridional distribution of change in
western boundary current transport, including negligible change in the core EAC transport at 30�S and an
increase (by up to 5 Sv) of EAC extension transport between 32.5�S and 37.5�S at the expense of the east-
ward zonal outflow along the Tasman Front. We note that the simple model does not accurately capture
the magnitude of the transports in the western boundary currents—in particular the EAC extension is signif-
icantly overestimated and the magnitude of change at latitudes poleward of 40�S is far too large. This is not
surprising as the model does not capture the complex dynamics of the western boundary current. It does
nevertheless demonstrate the fundamental dynamic balance, leading to enhanced high-latitude western
boundary current transport that appears to be satisfied by the complex eddy-resolving OFAM projections,
notably elevated eddy activity in the EAC extension as indicated by sea level variance.

We also tested if the enhanced poleward transport in the EAC extension was accompanied by a change in
the mean separation point of the EAC from the western boundary. It was found that in the dynamically
downscaled model projections the separation point had shifted nearly 100 km poleward along the conti-
nental shelf break from the 1990s to the 2060s, consistent with the findings of Matear et al. [2013]. However,
the linear Island Rule model does not capture this change in separation point in the barotropic stream func-
tion. There are two possible reasons for this. First, the resolution of the coarse forcing fields are 2.5� in lati-
tude and longitude, and therefore it is difficult, if not impossible, to detect a southward shift of less than 1�

of latitude. The second, and possibly more likely reason, is that the mean location of the separation point is
governed by baroclinic, eddy-rich dynamics, which makes it not surprising that the simple linear model
does not explain such changes. Furthermore, the separation point of a western boundary current is sensi-
tive to the relative strength of the adjacent flow. Matano [1993] demonstrated that the separation point of
the Brazil Current (the WBC of the South Atlantic) is sensitive to the strength of the Malvinas Current, which
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flows northward along the continental shelf south of the separation point. Hence, the change in transport
of the EAC extension may actually influence the location of EAC separation.

While examining changes to the mean circulation is helpful for addressing the greater questions surround-
ing marine climate change in the Tasman Sea, in the EAC separation and EAC extension regions the eddy
kinetic energy due to mesoscale variability is at least as large, if not larger, than the energy associated with
the steady, mean flow. It is remarkable that the simple linear model estimates the same change in mean
flow, due to changes in the wind-driven circulation that was estimated from the eddy-resolving ocean
model. But it is notable that these transport changes occur not in the steady circulation but in the meso-
scale eddy field, and that the linear model does not capture the change in EAC separation point. Hence,
while the simple linear model is useful as it provides us with a fundamental dynamical balance which must
be met by the ocean circulation, this balance is nevertheless met by nonlinear dynamics not explicitly
included in simple linear model (namely, mesoscale eddies). Future work will focus on projected changes to
the eddy field and how these changes are linked to corresponding changes in the marine climate (i.e.,
warming, salinification, and stratification), as well as whether there are any two-way feedbacks between
them. For example, changes to the upper ocean stratification may influence the barotropic and baroclinic
instabilities responsible for eddy formation and stability in the EAC extension region. Furthermore, it is of
great interest to understand whether the projected warming in the Tasman Sea ‘‘hot spot’’ is mostly due to
projected changes in Tasman Sea mean circulation, or if the bulk of this warming is due to other processes.
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