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Drivers of decadal variability in the Tasman Sea
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Abstract In this study, we compare optimally interpolated monthly time series Tasman Sea XBT data and
a comprehensive set of ocean data assimilation models forced by atmospheric reanalysis to investigate the
stability of the Tasman Sea thermocline and the transport variability of the East Australian Current (EAC),
the Tasman Front, and EAC-extension. We find that anomalously weaker EAC transport at 258S corresponds
to an anomalously weaker Tasman Front and anomalously stronger EAC-extension. We further show that,
post about 1980 and relative to the previous 30 years, the anomalously weaker EAC transport at 258S is
associated with large-scale changes in the Tasman Sea; specifically stronger stratification above the thermo-
cline, larger thermocline temperature gradients, and enhanced energy conversion. Significant correlations
are found between the Maria Island station Sea Surface Temperature (SST) variability and stratification, ther-
mocline temperature gradient, and baroclinic energy conversion suggesting that nonlinear dynamical
responses to variability in the basin-scale wind stress curl are important drivers of decadal variability in the
Tasman Sea. We further show that the stability of the EAC is linked, via the South Caledonian Jet, to the sta-
bility of the pan-basin subtropical South Pacific Ocean ‘‘storm track.’’

1. Introduction

The East Australian Current (EAC) is the complex and highly energetic western boundary current system of
the South Pacific subtropical gyre. It is a mechanism for the redistribution of heat between the ocean and
atmosphere in the Australian region by transporting heat from the tropical Pacific Ocean to the midlatitude
ocean and atmosphere and is of primary importance to the marine ecosystem off eastern and southern Aus-
tralia. Along the east coast of Australia it is the dominant environmental influence on offshore pelagic fish-
eries as seasonal changes of subsurface properties within the EAC system are a critical environmental
parameter for studying the behavior and distribution of key species such as southern bluefin tuna [Hobday
et al., 2006].

At approximately 108S–158S, the South Equatorial Current (SEC) meets the Australian continental margin
and bifurcates into the equatorward flowing Low-Latitude Western Boundary Currents (LLWBC) and pole-
ward East Australian Current [Godfrey et al., 1980; Church and Boland, 1983; Ridgway and Godfrey, 1997;
Ganachaud et al., 2014]. The EAC volume transport increases from 25 to 37 Sv (1 Sv 5 1 3 106 m3 s21)
between 188S and 358S, respectively. The EAC separates from the western boundary at 318S–348S forming
the broad eastward flowing Tasman Front and a residual southward flow at the western boundary approxi-
mately south of Sydney, the EAC-extension. The Tasman Front extends across the Tasman Sea to the north-
ernmost tip of New Zealand, forming the East Auckland Current and a sequence of semipermanent eddies
along the east coast of the New Zealand islands [Stanton et al., 1997]. The EAC-extension consists of a series
of eddies that propagate southward along the Australian coast as far south as Tasmania. In this study, we
consider all components of the EAC system—the EAC, Tasman Front, and EAC-extension.

The EAC system shows large variations within the range of time scales from seasonal to decadal [Ridgway
et al., 2008]. Much of our understanding of the EAC system has been developed from in situ observations
collected over many decades. However, these data are irregularly distributed in both space and time and
are not generally suitable for resolving changes in the EAC circulation over time periods ranging from inter-
annnual to decadal or even longer term [Ridgway et al., 2002]. After about 1990 surface observations of tem-
perature and sea level, collected from a diverse set of satellite platforms, enabled aspects of the seasonal,
interannnual, and decadal signals of the EAC to be determined. In addition, data from a long time series site
off the east coast of Tasmania (Maria Island station), and the repeated, eddy-resolving Tasman Box
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expendable bathythermograph
(XBT) lines provide valuable in
situ data (Figure 1) [Ridgway,
2007; Hill et al., 2008; Ridgway
et al., 2008]. The long-term record
from the Maria Island station
shows that this region has
become both warmer and saltier
with mean trends of 2.288C/cen-
tury and 0.34 psu/century over
the 1944–2002 period [Ridgway,
2007].

The warming trend at the Maria
Island station [Foster et al., 2014]
is often connected with an
increase in the strength of the
EAC due to the variability of the
South Pacific gyre. Roemmich
et al. [2007] found that the
strength of the South Pacific sub-
tropical gyre increased in the

1990s as a response to the wind stress curl changes due to the observed trend in the Southern Annular
Mode [Renwick, 2004; O’Kane et al., 2013]. Studies suggest that the decadal variability of the Pacific Ocean
subtropical gyre has resulted in significant changes in the strength and dynamics of the separation of the
EAC into the Tasman Front and EAC-extension [Cai, 2006; Ridgway et al., 2008; Hill et al., 2008; Cetina-Heredia
et al., 2014]. However, a recent study by Oliver and Holbrook [2014] using an eddy-resolving regional model
forced by boundary conditions from a climate model A1B carbon emission scenario for the period 1990–
2060 found that while transport of the EAC-extension increases significantly (13Sv) at the expense of the
Tasman Front (22.7 Sv), there was little change in the strength of the EAC despite significant Tasman Sea
warming of about 38C.

While previous work suggests a link between EAC variability and the large-scale response of the South
Pacific gyre to wind forcing, a full understanding of the drivers of the decadal variability of the EAC, EAC-
extension and Tasman Front, and links to the basin-scale subtropical gyre is far from complete. Previous
studies have relied on an implied intensification of the EAC but there are doubts as to the degree to
which this has occurred. Our contention is that the EAC transport has not significantly changed over
recent decades instead we provide an alternate mechanism and pathway by which information about the
basin-scale response to forcing changes reaches the EAC. Here our focus is on the stability of the EAC and
its connection to the South Pacific subtropical ocean storm track described recently by O’Kane et al.
[2014].

In section 2, we describe the preparation and use of the Tasman Sea XBT data. In sections 3.1 and 3.2, we
describe a set of ocean reanalyses and forced control simulations used to investigate the stability of the
Tasman Sea thermocline and the transport variability of the EAC, the Tasman Front, and EAC-extension. In
the results, sections 4 and 5, we show that periods of anomalously strong EAC transport at 258S corre-
spond to anomalously strong Tasman Front transport and anomalously weak EAC-extension transport.
Stronger EAC and Tasman Front transport are associated with large-scale changes in the Tasman Sea;
weaker stratification of the upper layers, smaller thermocline temperature gradients and energy conver-
sion. Conversely, anomalously weaker EAC transport at 258S corresponds to an anomalously weaker Tas-
man Front and an anomalously stronger EAC-extension and are associated, in the Tasman Sea, with
stronger stratification above the thermocline, larger thermocline temperature gradients, and enhanced
energy conversion. In section 6, we describe how the variability of the EAC system (EAC, Tasman Front,
and EAC-extension) is linked to the Tasman Sea baroclinic stability—a more baroclinically unstable Tas-
man Sea results in a weaker EAC and Tasman Front and increased eddies resulting in a stronger EAC-
extension—and how these changes are driven by basin-scale variability of the subtropical gyre
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Figure 1. Mean sea level (color) from the CTRL model (1950–2007), location of XBT lines,
and schematic of major currents.
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thermocline. In section 7, we indicate how the baroclinic stability of the South Pacific gyre might repre-
sent an important aspect of the internal variability of this ocean gyre and its links to high-latitude decadal
variability.

2. Expendable Bathythermograph (XBT) Data Processing

We use expendable bathythermograph (XBT) temperature data collected between 1991 and 2005 from
three high-density lines in the Tasman Sea (Figure 1). The XBT lines are Auckland, New Zealand to Suva,
Fiji (PX-06), Fiji to Brisbane, Australia (PX-30), and Sydney Australia, to Wellington, New Zealand (PX-34).
Following Meyers and Pigot [1999], the XBT data were binned into 18 latitude and/or longitude bins, and
vertically decimated to 10 m bins. The XBT data are then optimally interpolated in time to monthly
values.

The near-synoptic XBT sections have a horizontal resolution that is eddy resolving, particularly at the boun-
daries. The XBT lines are occupied 3–4 times a year at an irregular time period (see http://www-hrx.ucsd.
edu/px34.html). To create the monthly time series based on the XBT data, we employ a temporal optimal
interpolation (OI) technique [Meyers and Pigot, 1999]. We employ an averaging period of 2 months, centered
at the beginning of the second month, a decorrelation time scale of 2 months, and a data window of 6
months, i.e., 3 months on either side of the estimation time. The OI-mapped XBT observations are therefore
a temporal average over the eddy-resolving scale of the near-synoptic XBT sections and are comparable to
the monthly averages obtained from the models.

In the regions surrounding each XBT line, we established a temperature-salinity (T-S) relationship using the
CSIRO Atlas of Regional Seas (CARS) quality-controlled temperature and salinity profiles [Meyers and Pigot,
1999; Ridgway et al., 2002]. We derived the monthly salinity time series by applying the T-S relationship to
the monthly XBT temperature time series. Any gaps in the optimally interpolated temperature and salinity
time series were filled with CARS climatological profiles. We refer to the optimally interpolated XBT time
series and derived salinity time series as the OI-mapped XBT observations.

3. Model

Here we briefly describe the model and assimilation system. The model configuration and assimilation
method is fully described in Maes and O’Kane [2014].

3.1. Model Configuration
The model is the Australian Community Climate Earth System Simulator-Ocean (ACCESS-O) configuration of
the GFDL MOM4p1 ocean-ice code [Delworth et al., 2006]. A volume conserving approach based on the
Boussinesq z� coordinates scaled with height along the vertical is used. The horizontal resolution is nomi-
nally 18 with equatorial refinement to 1=38 in the tropical band between 108S and 108N and a Mercator
(cosine dependent) implementation for the Southern Hemisphere applied, ranging from 1=48 at 788S to 18

at 308S. In the vertical, ACCESS-O implements the z� coordinate available in MOM4p1, with 50 model levels
covering 0–6000 m with a resolution ranging from 10 m in the upper layers (0–200 m) to about 333 m for
the abyssal ocean. The models horizontal resolution, while not eddy resolving, is still sufficient to capture
the real ocean variability and is able to simulate a model representation of the EAC extension although it
does simulate a broader than observed EAC and Tasman Front.

The model reanalyses described in this study employ atmospheric fields from the CORE.v2 (hereafter
CORE2) interannually varying forcing [Griffies et al., 2009; Large and Yeager, 2009]. In addition, a weak restor-
ing is applied to the surface salinity of the top layer (equivalent thickness of 10 m) that is relaxed to World
Ocean Atlas (WOA09) fields with a time scale of 60 days in order to reduce drift. The model is further con-
strained by relaxing the ocean temperature and salinity at depths below 2000 m to WOA09 climatology
with a 1 year relaxation time scale. The model spin-up for the reanalysis consists of a 60 year control inte-
gration using CORE2 forcing with atmospheric fields that are converted to air-sea fluxes with bulk formulas
[Maes and O’Kane, 2014]. Precipitation minus evaporation (P-E) fluxes are similarly adjusted consistently rela-
tive to the CORE2 forcing. The initial conditions for temperature and salinity fields come from WOA09 clima-
tology. This is referred to as the control model (CTRL).
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3.2. Data Assimilation
Model and observational data
are synthesized using a variant
of the BODAS ensemble optimal
interpolation (EnOI) data assimi-
lation system to produce an
ocean reanalysis for the period
1990–2007 [Oke et al., 2008].
The EnOI method employs back-
ground error covariances
defined from a stationary, or

time invariant, ensemble of seasonal anomalies (432 monthly mean anomaly ensemble members) derived
from the last 36 years of the control model integration.

Prior to January 1998 in situ profiles of temperature and salinity are assimilated from hydrographic data
from World Ocean Circulation Experiment (WOCE) Hydrographic Program (WHP), World Ocean Database
2005 (WOD05) [Boyer et al., 2006], and the Quality controlled Ocean Temperature Archive (QuOTA) [Gronell
and Wijffels, 2008], which contains all XBT data in the Indian and southwest Pacific Oceans. After January
1998, we assimilate the WOCE Upper Ocean Thermal (UOT) database that includes global XBT data, except
in the Indian Ocean where we use QuOTA for XBTs. Temperature and salinity are assimilated from Argo pro-
files and from the TAO array [Oke et al., 2013]. An example of the number and type of observations assimi-
lated over a typical 6 day window is shown in Table 1.

A series of global reanalyses were conducted as part of an Observing System Experiment (OSE) to quantify
the successive impact relative to the control model (CTRL) of subsurface Temperature and salinity profiles
(R_T/S), satellite SST (R_1SST), and altimetric data (R_ALL). Background error covariances are localized
according to the Shur product method of Gaspari and Cohn [1999]. As both our model and observational
spatial resolution is of the order of 18, we employ a localization length scale of 88. Analysis updates are intro-
duced gradually into the model integration to ensure consistency with the background innovations and
reduce model shock [Bloom et al., 1996]. A major advantage of EnOI is that the background error covarian-
ces are inhomogeneous and anisotropic and therefore better reflect the variability and length scales of the
ocean circulation [Oke et al., 2008]. At each update step, the adaptive initialization scheme of Sandery et al.
[2011] is employed, ensuring more balanced initial conditions than is possible using Newtonian relaxation.
The updated variables are temperature, salinity, and surface height. Here we use a range of periods for the
window of observations in order to assimilate on the corresponding time scale of the available observations
such that the model can be effectively constrained. We employ a 30 day centered observational window for
reanalyses that assimilate only subsurface data, a 14 day window when including SST data, and a 6 day win-
dow when assimilating altimetry. The criteria we use to determine the observational window depends on
the quantity of data available, computational constraints, and a desire not to have overlapping windows.
The update cycle for each reanalysis matches the corresponding observational window. SST and SLA obser-
vations are identified within a given grid cell and we then compute the average position of all observations.
This position is ascribed to the superobservation. These observations are then combined, using a simple
weighted average, yielding the superobservation following the method of Oke et al. [2008]. The errors of all
observations are used to compute an appropriate error for the superobservation using standard error prop-
agation techniques.

Western boundary current regions, such as the EAC system, are highly variable with much of that variability
associated with eddy formation. Our model does not have sufficient resolution to resolve those eddies, but
it has comparable spatial resolution to the OI-mapped XBT observations used in this study. Further, the
time scale of our assimilation also corresponds to the temporal resolution of the OI-mapped XBT observa-
tions. The background innovations describe how far the model has diverged from the observations over
the period between assimilations and thus is a measure of how well the model is constrained. Analysis inno-
vations show the fit to the observations at the time of assimilation. For the Tasman Sea, using the R_ALL
reanalysis, the most significant background errors (difference between model at 6 days lead time and verify-
ing observations at the same time) occur between about 200 and 500 m depth (supporting information Fig-
ure S1). In the Tasman Sea, the background innovations (forecast errors) are largest about the thermocline

Table 1. Data Assimilation Statistics (Global) for the 6 Day Window Surrounding 22
November 2007 for Raw Sea Surface Temperature (SST), Raw and Superobservations (sob)
of the Sea Level Anomaly (SLA), and Profiles of Temperature (T) and Salinity (S) for Back-
ground (f.innov RMS) and Analysis Innovations (a.innov RMS) Root Mean Square

Observation Number Profiles f.innov RMS a.innov RMS

Raw SST 12,748 0.916 0.587
Raw SLA 344,269 0.110 0.083
Sob SLA 21,475 0.110 0.078
T 50,745 1729 0.930 0.447
S 48,482 1634 0.187 0.118
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and, as noted in the ensemble prediction study of O’Kane et al. [2011], are associated with eddy generation
via baroclinic instability. Forecast errors (RMSE) of up to 1.38C and 0.35 psu with significant seasonal varia-
tions are also evident in the upper 100 m (mixed layer). Both temperature and salinity background innova-
tions reduce over time as more subsurface (Argo) data become available. The analysis innovations are even
more localized about the thermocline and, as is to be expected, are substantially smaller than the back-
ground errors. Sea surface height anomaly (SLA) background innovations are typically between 0.09 and
0.12 m reducing to 0.06 and 0.1 m for the analysis. For SST, background innovations range between 1 and
1:4�C prior to AMSRE SST coming online in 2002 after which their range reduces to between 0:8 and 1:0�C.
Analysis SST innovations range between 0.6 and 1.48C pre 2002 reducing to 0:420:8�C post 2002. Spatial
maps of RMS errors (averaged over the upper 1000 m) of the analysis increments (difference between the
model and analyzed states on assimilation) over the period 1990–2007 (not shown) show temperature
errors largely localized about the EAC separation region. However, salinity errors are more clearly associated
with the EAC-extension region.

The small and decreasing innovations indicate that the Tasman Sea region of the model is reasonably well
constrained. This enables us to focus on the Tasman Sea and where XBT data are available from 1990 to
2007. For comparison to the OI-mapped XBT time series data, model outputs (CTRL, R_T/S, R_1SST, and
R_ALL) are sampled along the mean position of the Tasman Sea XBT lines (Figure 1). Our intention here is
focused on the variability at time scale of interannual to multiple decades. The analysis of the XBT data and
the models used in the study do not consider the shorter-term seasonal to annual variability of the EAC cur-
rent system (EAC, EAC Extension, and Tasman Front).

4. Tasman Sea Thermocline Properties From Observations and Models

We compare the various reanalyses and a control simulation to the OI-mapped XBT time series data. As
observational data are sparse, the assimilation models provide a nonlinear interpolation between observa-
tions and model. Our focus is not only to compare the impact of including various observational data sets
in the assimilation models but to provide further insight and improve our understanding of the observed
secular SST trends and drivers of the EAC variability on interannual to decadal time scales. We are particu-
larly interested in identifying the role of the subsurface ocean and the stability of the thermocline in regard
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to the changes in the low-frequency variability observed in the 60 year Maria Island station data. Note that,
throughout we are considering potential temperature.

The model (control and various assimilation products) sections average dynamic height anomaly (m) cap-
ture the variability shown in the OI-mapped XBT time series (Figure 2 and Table 2). The control and assimila-
tion of in situ ocean profiles, SST, and altimetry improves the simulation of the upper ocean dynamic height
anomalies advecting into the Tasman Sea across PX06 (Figure 3) and onto the western boundary (Figure 4).
Along PX06, a section that provides observations of the westward-flowing South Caledonian Jet (SCJ) north
of 258S (a component of the SEC) and eastward-flowing Tasman Front south of 258S, the OI-mapped XBT
observations show that post 1997 the northern portion of the section has more positive dynamic height
anomalies. The control model simulates the observed broad change from negative to positive dynamic
height anomalies pre and post 1997, respectively. The assimilation model (R_1SST) reproduces some of the
more detailed spatial and temporal variability of the anomalies found in the OI-mapped XBT observations.

Table 2. Root Mean Square Error of Models From OI-Mapped XBT Observations for 0–800 m Dynamic Height Anomaly (D0) and Depth
of the dT

dz jmax (m)

PX-06 PX-30 PX-34

Model D0 (m) dT
dz jmax (m) D0 (m) dT

dz jmax (m) D0 (m) dT
dz jmax (m)

CTRL 0.018 93.84 0.020 103.0 0.023 76.18
R_T/S 0.027 54.81 0.018 49.80 0.023 76.49
R_1SST 0.028 49.39 0.017 43.75 0.026 75.17
R_ALL 0.038 51.85 0.033 39.12 0.055 59.61
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Similarly, across PX30 the dynamic height anomalies observed in the OI-mapped XBT observations are fairly
well simulated in both control and assimilation models (Figure 4). Here we can clearly see the westward
propagation of the anomalies from the eastern edge of the Tasman Sea to the approximately 1688E. At
1688E, the anomalies encounter the topography of the South Pacific Island arc and are filtered such that
west of 1688E the propagation of the dynamic height anomalies to the Australian continent are more coher-
ent and regular.

The 0–800 m dynamic height anomalies at PX06 and PX30 (Figures 3 and 4) are the result of changes to
the upper ocean temperature and salinity structure. As stated, the XBT sections cross different dynamical
regions of the Tasman Sea. At PX06, north of 258S, the OI-mapped XBT mean vertical temperature gradi-
ent shows the subsurface maximum associated with the westward SCJ entering the Tasman Sea at
400 m (Figure 5). The large temperature gradient indicates the depth of the permanent thermocline. The
0–800 m dynamic height anomaly (Figure 2 and Table 2) show good agreement across models and as
compared to observations. The vertical temperature gradient distribution clearly illustrates the impact of
the assimilation of in situ ocean temperature (and salinity) profiles through improved simulation of the
depth, horizontal extent, and strength of the maximum vertical temperature gradient (Figures 5 and 6
and Table 2).

In all cases, the assimilation of observations deepens and improves the horizontal extent of the upper ocean
temperature gradient across PX06 (Figures 5 and 6 and Table 2). Assimilating subsurface data (R_T/S)
removes the large cold bias south of 258S evident in the control while also deepening the mean thermo-
cline depth by about 100 m to the north of 258S. Including satellite SST in the assimilation (R_1SST) makes
little improvement on the mean thermocline depth; however, the inclusion of altimetry (R_ALL) is seen to
extend the thermocline slightly deeper and poleward. While one might argue that the seasonal variability
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of the maximum vertical temperature gradient is best represented in the control simulation it is neverthe-
less reasonably well represented in all models (control and assimilation) (Figure 6a). In contrast, the assimila-
tion models all improve the simulation of the interannual and low-frequency variability of the depth of the
maximum temperature gradient (Figure 6b and Table 2). Lack of horizontal resolution in our model makes
simulation of the seasonal variability of position and separation of the Tasman Front difficult.

Comparable improvements are observed in the simulation of the vertical temperature gradient and vari-
ability of the depth of the maximum vertical temperature gradient along PX30 (Figures 7 and 8 and Table
2). As was the case for PX06, the improvements in the upper ocean temperature gradients are most dra-
matic when subsurface data are assimilated while detailed and subtle improvements are manifest when
altimetry is included in the assimilation (Figure 7). Control and assimilation models all marginally under-
estimate the maximum in dT

dz relative to the OI-mapped XBT value (Figure 8a). Relative to the control, cor-
rections of up to 150 m in thermocline depth are observed in the assimilation models with the largest
improvements found over the period post 1998 and in particular when altimetry is assimilated (R_ALL)
(Figure 8b and Table 2).

Less significant improvements are observed along PX34 (Figures 9 and 10 and Table 2). Here the control
captures the maximum in mean temperature gradient associated with mixing in the upper 100 m quite
well; however, the weaker gradients observed in the OI-mapped XBT observations do not extend below
300 m in the control. In contrast, the assimilation models all have significant mean temperature gradients
extending down to 400 m but this is at the expense of resolving the strong gradients in the upper 100 m.
Neither the control nor assimilation models capture the seasonality of the dT

dz magnitude (Figure 10a) and it
is only really post 2000 and for the case where subsurface, satellite SST, and altimetry are all assimilated
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(R_ALL) that significant corrections in the thermocline depth occur (Figure 10b and Table 2). The poor simu-
lation of the seasonal cycle may be due to poor simulation of the seasonal variability in the position and of
the separation of the EAC along the Australian continent and formation of eddies.

5. Tasman Sea Baroclinic Instability and Pathways

The baroclinic instability of the Tasman Sea thermocline is investigated by considering the Eady growth
rate as given by
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where < > denote an average over 0–800 m, j j is the modulus, f is Coriolis, Uz is the vertical velocity gradi-
ent, N2 is Brunt-Vaisala (buoyancy) frequency and C is a constant (0.31). The Eady growth rate provides an
indication of the expected frequency of growing disturbances by an assessment of the instability of the
mean flow and available potential energy from the ocean stratification.

Eady growth rates (rE) in the Tasman Sea, from the OI-mapped XBT data, reflect the dynamics of the region
with the potential for instability growth. The control and data assimilation models capture the main features
and structure of rE in the Tasman Sea (Figure 11). The higher rE values at the Australian boundary are associ-
ated with the EAC (PX30) and the Tasman Front (PX34) (Figures 11b and 11c). For PX06, the data assimilation
models find significant baroclinic instability associated with enhanced variability in the region south of 308S
where the Tasman Front joins the East Auckland Current that is not found in the OI-mapped XBT data (Figure
11a). The generally low rE values east of 1588E along PX30 are due to its latitudinal position out of the main
region of high variability typically north and south of the XBT line (Figures 11b and 12). However, the pathway
of the SCJ is evident in the OI-mapped XBT data along PX30 between 1678E and 1708E (Figure 11b). The
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control and data assimilation models have a slightly reduced SCJ rE value that is displaced to the west. Along
PX34, the OI-mapped XBT data and models show regions of increasingly higher rE between 1558E and 1648E
that are associated with enhanced variability in the EAC and the Tasman Front (Figure 11c).

Next, we consider the spatial rE signal in the SEC, EAC, and Tasman Front and their connection in the Tas-
man Sea. The CTRL and assimilation models all display broadly similar rE (Figure 12). The CTRL simulation
displays the largest growth rates in the Tasman Front, whereas the R_1SST and R_T/S favor the EAC-
extension region at the expense of the Tasman Front. The R_ALL model also shows that largest rE values
are in the extension region but are weaker than the R_1SST and R_T/S models. The control and assimilation
models show that the fastest growing disturbances found at PX06 are part of a band of high rE that extends
into the Tasman Sea and crosses PX30 extending to the Australian shelf (Figure 12). The model resolution
does not adequately resolve the eastern Australian coastal boundary (Figure 11, PX30 and PX34); however,
the OI-mapped XBT observations show high rE along the Australian shelf at PX30 west of 1578E and at PX34
west of 1538E associated with the EAC. Further south and west of 1648E, PX34 crosses a region of high rE

that is part of a larger band of high rE that extends from near the Australian coast to the northern tip of
New Zealand (Figure 12). The spatial maps show that 328S is the junction from which both the high rE that
extends across the Tasman Sea, from Australia to New Zealand originates, and a southward rE maximum
that extends along the western boundary of the Tasman Sea to 458S (Figure 12). The spatial pattern of the
Eady growth rate indicates the presence of a pathway by which growing unstable disturbances that arrive
at the eastern boundary of the Tasman Sea can extend into the Tasman Sea and provides a mechanism to
drive ocean variability in the EAC, the Tasman Front, and EAC-extension.

While we have shown that there is a pathway by which ocean unstable growing modes from the eastern
boundary of the Tasman Sea are connected to instability disturbances in the EAC, Tasman Front, and EAC-
extension, it is important to understand and characterize the drivers of the growing ocean instabilities and
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from where in the South Pacific they emanate. The models show that the rE signals found at the eastern
boundary of the Tasman Sea at PX06 and PX30 are connected to a maximum of rE in the southeast Pacific
Ocean near the southern tip of Chile (Figure 13). As for Figure 12, the CTRL and assimilation models again
display broadly similar rE. Over the South Pacific basin, the CTRL simulation displays the most coherent spa-
tial map of rE extending to the east along the SCJ at about 258S and in the Tasman Front. The R_1SST and
R_T/S display less coherent features whereas the R_ALL model rE values are more coherent and closer to
the CTRL model.

O’Kane et al. [2014, section 4.2.3 and associated supporting information], applying complex empirical
Orthogonal Functions (CEOFs) and other methods to baroclinic disturbances in the South Pacific Ocean,
found that CEOF modes 2–4 explain approximately 25% of the variance and that modes 3 and 4 propagate
westward from the southeast Pacific to the eastern boundary of the Tasman Sea (PX06). They further show
that once these baroclinic disturbances reach the eastern boundary of the Tasman Sea they enter the EAC
either directly or via the South Equatorial Current. Considering the results of O’Kane et al. [2014] and our
results showing the connection of rE signals across the South Pacific, we suggest the rE signals at the east-
ern boundary of the Tasman Sea at PX06 and PX30 propagate from the maximum of rE in the southeast
Pacific Ocean near the southern tip of Chile (Figure 13).

The unstable disturbances from the southeast Pacific are propagated along the permanent thermocline of
the South Pacific subtropical gyre reaching the eastern boundary of the Tasman Sea within the SCJ (Figure
14). The results of Figures 11–14 and those of O’Kane et al. [2014] indicate that instabilities may be associ-
ated with remote high-latitude variability that is connected to the Tasman Sea via the northern branch of
the subtropical gyre. The time period of the growing instabilities along this pathway is 20–30 days and
propagation time scales are comparable to that of planetary Rossby waves (� 324 cm s21) in regions
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where topographic interactions are
absent [O’Kane et al., 2014]. However,
O’Kane et al. [2014] find that such insta-
bilities are associated with baroclini-
cally unstable Rossby waves and may
interact resonantly with topography
amplifying and slowing. Regions where
topographic interactions amplify rE

(corresponding to faster growth and
shorter r21

E ) are particularly evident in
the CTRL and R_ALL models in the
vicinity of the Austral Sea Mount chain
(170�W2150�W, 258S–308S) and con-
fined meridionally within a band of sig-
nificant horizontal potential density
gradients (Figure 14). O’Kane et al.
[2014] showed that such disturbances
are located at depths of between 150
and 350 m and are associated with
subtropical mode waters.

6. Linking Basin-Scale Insta-
bility to Tasman Sea Circula-
tion Variability

A number of recent studies have
focused on the significant warming of
the southern Tasman Sea, evident in

the Maria Island station SST time series, and links to the spin-up of the South Pacific gyre [Cai, 2006; Hill
et al., 2008, 2011; Ridgway et al., 2008; Cetina-Heredia et al., 2014]. Using the control model (1948–2008), we
find that the South Pacific gyre has indeed increased in strength (Figure 15). The increased westward trans-
port of the SEC results in a strengthening of the northward flow in the LLWBC and a decrease in the south-
ward transport of the EAC (Figures 15 and 16). Although highly variable, the decrease in strength of the EAC
at 258S can be further associated with a corresponding decrease in Tasman Front transport but an increase
in EAC-extension transport (Figures 15 and 16).

The 60 year (1948 to 2008) time series of EAC, EAC-extension, and Tasman Front transport anomaly show
that the EAC and Tasman Front are significantly correlated (p-value< 0.05, R 5 0.60). An increase in the
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southward transport of the EAC is associated with an increase in transport of the Tasman Front. The EAC
and Tasman Front are significantly anticorrelated to the EAC-extension (p-value< 0.05, R 5 20.14 and
20.46, respectively). Increases in the EAC and Tasman Sea transport are associated with a decrease in the
EAC-extension transport and vice versa. Hill et al. [2011] also find that the EAC-extension and Tasman Front
are anticorrelation, and here we further find that the transport variability of the EAC and EAC-extension are
anticorrelated. That is, we find that an anomalously stronger EAC is associated, if anything, with a anoma-
lously weaker EAC-extension.

The Maria Island station SST time series data (4 year running mean) show large variability, particularly post
1980 (Figure 17). The CTRL model simulates well the large SST variability at the model grid cell closest to
the observation location but exhibits no clear trend and a cold bias of about 18–1.58C (corrected for in Fig-
ure 17). In contrast, the assimilation models (post 1990) display the observed variability with the R_T/S
(R_ALL) under (over) correcting the control simulation bias. The R_1SST assimilation, including subsurface T
and S and satellite SST data closely matches the Maria Island station time series. Thus, all models are able to
simulate the observed variability at Maria Island with assimilations only acting to remove systematic biases.

At Maria Island (Figure 17), the control model maximum of the thermocline temperature gradient, the buoy-
ancy frequency, and the energy conversion, here normalized, scaled and a 4 year running mean applied,
are all significantly correlated with the observed SST variability (p value< 0.05, range of R for different varia-

bles is 0.94–0.31). Most noticeably, the baroclinic energy conversion U
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transfer from the mean horizontal density gradients (Available Potential Energy field) to the transients
(eddy field) (here U5ðu; vÞ is the velocity, q potential density, and ~q the reference potential density) under-
goes a major change in variability post 1980.

These strong correlations to the observed SST suggest that the variability at Maria Island is connected to
the stability of the thermocline and low-frequency variability of baroclinic disturbances in the Tasman Sea.
Importantly, comparisons of the transport anomalies, the magnitude of Maria Island station SST variability,
Tasman Sea buoyancy frequency, strength of the thermocline temperature gradient, and energy conversion
show that periods of anomalously strong EAC transport at 258S correspond to anomalously strong Tasman
Front and anomalously weak EAC-extension (Figure 16) and weaker stratification (N2), smaller thermocline
temperature gradients and energy conversion, and peaks in SST variability at Maria Island (Figure 17). Con-
versely, anomalously weaker EAC transport at 258S corresponds to anomalously weaker Tasman Front and
anomalously strong EAC-extension (Figure 16) and stronger stratification (N2), larger thermocline tempera-
ture gradients and energy conversion (Figure 17). This suggests that Maria Island SST variability is linked to
the Tasman Sea baroclinic stability—a more baroclinically unstable Tasman Sea results in a weaker EAC and
Tasman Front but stronger and more unstable EAC-extension.
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7. Conclusion

On the face of it, our results do not support previous studies, using linear models, suggesting that the
strengthening (weakening) of the EAC-extension (Tasman Front) is associated with a proportional strength-
ening of the EAC and that this is simply the result of systematic changes in the variability of the South
Pacific wind stress curl [Cai, 2006; Hill et al., 2008]. On the other hand, our results are supported by the
recent modeling study of Oliver and Holbrook [2014], showing that a spin-up of the subtropical gyre and sig-
nificant Tasman Sea warming does not necessarily translate to a stronger EAC. We find the strong correla-
tion between Maria Island station SST variability and stratification, thermocline temperature gradient and
energy conversion suggest that nonlinear dynamical responses to variability in the basin-scale wind stress
curl must be considered when investigating the drivers of the Tasman sea warming.

Moreover, our results show that the SEC is connected via coherent baroclinically unstable disturbances to
the South Pacific Ocean ‘‘storm track’’ [O’Kane et al., 2014] and that the growth of such unstable waves is
driven by large basin-scale variability at the subtropical gyres thermocline [Gill et al., 1974; Halliwell et al.,
1994]. The magnitude and temporal response of the variability of all parameters considered, but in particu-
lar baroclinic energy conversion, increases dramatically after about 1980, most likely, in response to system-
atic changes in the atmospheric circulation associated with a preference for the positive phase of the
Southern Annular mode at the expense of mid-latitude blocking [Wiedenmann et al., 2002; O’Kane et al.,
2013]. Here we have shown that baroclinic instability is an important aspect of the internal variability of the
South Pacific Ocean gyre providing a mechanism for generating decadal variability in the EAC and South
Pacific midlatitudes. Understanding the nature of this linkage between the high and low latitudes in the
Pacific Ocean will have far-reaching implications for understanding the oceans control on internal climate
variability and forced climate change.
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