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Abstract Ocean boundary currents, transporting water masses and marine biota along the coastlines,
are important for regional climate and marine ecosystem functions. In this study, we review the dominant
multi-decadal trends of ocean boundary currents around Australia. Using an eddy-resolving global ocean
circulation model, this study has revealed that the major ocean boundary current systems around Australia,
the East Australian Current (EAC), the Indonesian Throughflow (ITF), the Leeuwin Current, the South
Australian Current and the Flinders Current, have strengthened during 1979–2014, consistent with existing
observations. Eddy energetics in the EAC, the ITF/South Equatorial Current in the southeast Indian Ocean,
and the Leeuwin Current have also enhanced during the same period. The multi-decadal strengthening of
the ocean boundary current systems are primarily driven by large scale wind patterns associated with the
dominant modes of climate variability and change – the phase shift of the Inter-decadal Pacific Oscillation/
Pacific Decadal Oscillation strengthens the ITF and the Leeuwin Current/South Australian Current; and the
poleward shift and strengthening of surface winds in the subtropical gyres reinforce the EAC and the
Flinders Current. The invigorating ocean boundary current systems have induced extreme oceanographic
conditions along the Australian coastlines in recent years, including the poleward shift of marine ecosys-
tems off the east coast of Australia and the consecutive Ningaloo Ni~no – marine heatwave events off the
west coast during 2011–2013. Understanding long-term trends and decadal variations of the ocean bound-
ary currents is crucial to project future changes of the coastal marine systems under the influence of
human-induced greenhouse gas forcing.

1. Introduction

Ocean boundary current systems play crucial roles in transporting water masses, heat, and marine biota,
affecting the regional climate and marine ecosystem along the coastlines [Bakun and Nelson, 1991; Bjerknes,
1964]. Major surface boundary currents around Australia include: the East Australian Current (EAC) off the
east coast, the Indonesian Throughflow (ITF) connecting the tropical Pacific and Indian Ocean in the north,
the Leeuwin Current off the west coast, and the South Australian Current (SAC)/Flinders Current system off
the south coast (Figure 1). Decadal trends of the boundary current systems around Australia have been
observed [Ridgway, 2007; Wainwright et al., 2008; Feng et al., 2010, 2011; Hill et al., 2011; Lee et al., 2015; Liu
et al., 2015], which have instigated regime shift and extreme oceanography conditions in the coast environ-
ments around Australia [Ling et al., 2009; Feng et al., 2015a; Du et al., 2015]. However, systematic multi-
decadal in-situ observations of ocean boundary currents around Australia do not exist. Therefore, in this
study we use an eddy-resolving ocean general circulation model simulation during 1979–2014 to assess the
multi-decadal trends of the ocean boundary currents around Australia and their climate drivers.

1.1. Ocean Boundary Current Systems Around Australia
The EAC is the western boundary current of the subtropical gyre in the South Pacific. The South Equatorial
Current (SEC) of the South Pacific, after crossing the Coral Sea and reaching the eastern coast of Australia,
bifurcates at about 188S and its southward branch forms the EAC [Ridgway and Godfrey, 1997; Ridgway and
Dunn, 2003]. Direct observations of the EAC suggest a net southward transport of about 15.8 Sv at 278S
[Sloyan et al., 2016], and a maximum net transport of 22.1 Sv at 308S [Mata et al., 2000]. It separates from
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the coast at around 318 to 328S and turns east into the Tasman Sea at 338S, following the Tasman Front. The
residue of the EAC transport, the EAC Extension, continues southward along the Australian coast as far as
Tasmania. The northbound branch of the bifurcated SEC provides the source water of the Gulf of Papua Cur-
rent [Qu and Lindstrom, 2002; SPICE Community, 2012; Ganachaud et al., 2014].

The ITF is an important ocean current for global climate since it provides a low-latitude pathway for warm,
fresh water from the Pacific to the Indian Ocean [Godfrey, 1996; Wijffels et al., 2008]. The volume transport of
the ITF was measured to be up to 15 Sv during the 2004–2006 INSTANT Program, and about half of the
ITF transport is through the Timor Passage between north Australia and the Timor Island [Sprintall et al.,
2009]. The ITF transport joins the South Equatorial Current in the southeast Indian Ocean, partly recirculat-
ing in the Eastern Gyral Current and feeding the Leeuwin Current, as derived from particle tracking experi-
ments using high-resolution ocean models [Domingues et al., 2007; Yit Sen Bull and van Sebille, 2016]. The
ITF is also important in the transport of heat and nutrients from the Pacific to the Indian Ocean [Sprintall
et al., 2009; Ayers et al., 2014].

The Leeuwin Current is a poleward-flowing eastern boundary current along the west coast of Australia in the
southeast Indian Ocean, which is forced by the meridional sea surface steric height gradient set up by the ITF influ-
ence and the air-sea fluxes in the southeast Indian Ocean [Godfrey and Ridgway, 1985; Smith et al., 1991]. The Leeu-
win Current is partly sourced from the Holloway Current off northwest Australia. The average volume transport of
the Leeuwin Current is estimated to be 3.4 Sv at 328S [Feng et al., 2003]. The Leeuwin Current turns eastward at the
southwest Cape of Australia and continues eastward along the shelf in the Great Australian Bight off the south
coast of Australia and its influence can reach as far as the west coast of Tasmania [Ridgway and Condie, 2004].

Off the south coast of Australia, the eastward-flowing Leeuwin Current extension is also called the SAC,
which occupies the surface layer on the continental shelf. Beneath and offshore of the SAC, there is the
westward-flowing Flinders Current, formed as the northern boundary current of the northward Sverdrup
flow forced by positive wind stress curls south of Australia [Middleton and Cirano, 2002]. The Flinders Cur-
rent connects with the Tasman leakage south of Tasmania [van Sebille et al., 2014], and partly feeds into the
Leeuwin Undercurrent off the west coast of Australia. Thus, it is a branch of the southern hemisphere
‘‘supergyre,’’ which links the three southern hemisphere subtropical gyres [Cai et al., 2005].

The EAC system possesses the highest eddy kinetic energy (EKE) around Australia [Bowen et al., 2005],
whereas the Leeuwin Current system has the strongest EKE among midlatitude eastern boundary current

Figure 1. Mean surface current velocity (0–50 m average of square root of mean kinetic energy) from OFAM3 model simulation. The black
lines denote the sections used to calculate the boundary current transports and the arrows denote the direction of the flows. EAC: East
Australia Current; FC: Flinders Current; ITF: Indonesian Throughflow; LC: Leeuwin Current; SAC: South Australian Current; SEC: South Equa-
torial Currents in the Indian Ocean and Pacific.
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systems of the world oceans [Feng et al., 2005] (supporting information Figure S1). Another high EKE area
around Australia is in the outflow region of the ITF in the Indonesian-Australian Basin, where the baroclinic
instability of South Equatorial Current is an important process to enhance mesoscale variability [Feng and
Wijffels, 2002].

1.2. Interannual and Decadal Variations of Ocean Boundary Currents
Interannual and decadal variations of the boundary current systems around Australia have been broadly
recognized in recent years. The interannual variation of the EAC is weakly related to the Pacific El Ni~no
Southern Oscillation (ENSO), however, decadal variability in the temperature and salinity in the EAC is likely
associated with the decadal variations of ENSO [Ridgway, 2007]. The subtropical gyre in the South Pacific
has spun-up in response to increased Ekman pumping during 1993–2004 and there is a lag of 3–5 years
between the peak in the wind forcing over the subtropical South Pacific and the peak response of the
ocean [Roemmich et al., 2007]. The EAC mostly responds to the wind variability in the western basin of the
South Pacific and thus there could be a short lag time between the EAC and wind stress curl variability
[Holbrook et al., 2011]. Enhanced wind stress in the South Pacific strengthens the EAC Extension in the past
few decades [Hill et al., 2011]. During the 1944–2002 period, the poleward advance of the EAC Extension of
about 350 km has been inferred from temperature and salinity data at a coastal station off Maria Island,
Tasmania (438S) [Ridgway, 2007; Sloyan and O’Kane, 2015].

The ITF transport is influenced by zonal wind anomalies in the equatorial Pacific and Indian Ocean on inter-
annual timescales [Meyers, 1996; Sprintall et al., 2009; Liu et al., 2015]. On decadal time scale, the volume
transport of the ITF is mostly influenced from the Pacific as established from data-assimilating ocean model
results [Zhuang et al., 2013]. The ITF transport had weakened by 23% after the Pacific climate regime shift of
the Inter-decadal Pacific Oscillation (IPO) and Pacific Decadal Oscillation (PDO) in mid-1970s due to weak-
ened Pacific trade winds, as observed from historical expendable bathythermograph (XBT) data [Wainwright
et al., 2008]. Inferred from the equatorial wind stress anomalies and coastal sea level observations, the ITF
transport was believed to have experienced a rebound since mid-1990s, in response to the strengthened
Pacific Walker Circulation in the negative phase of the IPO/PDO [Feng et al., 2011]. There are some direct
transport observations in the Indonesian channels to affirm the strengthened ITF in the recent decade
[Gordon et al., 2008; Lee et al., 2015; Liu et al., 2015].

The Leeuwin Current is stronger under La Ni~na condition and is weaker during El Ni~no condition in the
Pacific [Feng et al., 2003]. The Leeuwin Current has also experienced a weakening trend prior to mid-1990s
and then a rebound over the past two decades, as inferred from coastal sea level data [Feng et al., 2010,
2011]. Due to the existence of coastal waveguide, the interannual variability of the SAC follows that of the
Leeuwin Current [Middleton and Bye, 2007]. However, the decadal variability of the SAC and the Flinders
Current has not been studied.

In this study, we use an eddy-resolving ocean model, the Ocean Forecasting Australia Model version 3
(OFAM3), to systematically study the decadal variations of the ocean boundary current systems around Aus-
tralia and the associated EKE. Oke et al. [2013] provided a comprehensive evaluation of OFAM3 performance
against satellite and in situ observations, and demonstrated that the model realistically simulates the
observed large-scale circulation and eddy characteristics around Australia. Thus, in this study we focus on
the description of the decadal variations of the ocean boundary current systems based on an updated
multi-decadal OFAM3 simulation, forced by ECMWF-interim atmospheric reanalysis product. The important
improvement of OFAM3 in this study is using bulk formula forcing and slightly modified upper ocean vis-
cosity [Zhang et al., 2016]. Interannual and decadal variations of individual ocean boundary currents around
Australia have been studied using numerical models [e.g., van Sebille et al., 2014; Cetina-Heredia et al., 2014].
The present study will provide a first systematic overview of these variations under one model framework.

2. Methods

2.1. The OFAM3 Model
The Ocean Forecasting Australia Model version 3 (OFAM3) is a near-global configuration of version 4p1d of
the Geophysical Fluid Dynamics Laboratory (GFDL) Modular Ocean Model [Griffies et al., 2004]. The OFAM3
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model grid has (1/10)8 horizontal grid
spacing between 758S and 758N. The
vertical model coordinate is z* with 51
vertical levels and 5 m resolution
down to 40 m depth and 10 m vertical
resolution to 200 m depth.

OFAM3 is forced with 3 hourly surface
heat, freshwater, and momentum
fluxes calculated from the European
Centre for Medium-Range Weather
Forecasts Reanalysis (ERA)-interim

product during 1979–2014 [Dee and Uppala, 2009]. The turbulent air-sea fluxes—i.e., evaporation, sensible
and latent heat flux – are calculated with bulk formulas according to Large and Yeager [2004]. The calcula-
tion of ocean–atmosphere fluxes applied to the ocean model is updated every time step. Surface salinity is
restored to monthly sea-surface salinity from CARS climatology (CSIRO Atlas of Regional Seas, released in
2009 [Ridgway and Dunn, 2003]) with a restoring time-scale of 180 days. The model forcing includes clima-
tological, seasonal river runoffs estimated by Dai and Trenberth [2002] and Dai et al. [2009]. River forcing is
applied as a freshwater flux, with the injection of zero-salinity water and local sea surface temperature dis-
tributed over the top three model layers at coastal grid points. The global freshwater flux (river run off and
surface evaporation minus precipitation) is balanced, i.e., the globally averaged sea surface height is kept
constant over time. Because the focus of applications with OFAM3 is on the variability in the upper 2000 m
of the ocean, to avoid any significant drift in the deep ocean fields, the temperature and salinity fields are
restored to CARS climatology below 2000 m depth. This deep-ocean restoring is applied with a restoring
time-scale of 365 days.

OFAM3 uses the KPP mixed layer scheme by Large et al. [1994] to calculate vertical viscosities and diffu-
sivities for the whole water column. Additional vertical mixing is applied to represent mixing effects of
barotropic tides that lead to enhanced bottom friction and horizontal velocity shear in the bottom
boundary layer. The implicit tidal mixing in OFAM3 is based on the parameterization by Lee et al. [2006].
Convective adjustment and fully explicit mixing are applied for every time step whenever the water col-
umn becomes unstable. Horizontal viscosity is resolution- and state-dependent using a biharmonic
Smagorinsky viscosity scheme [Griffies and Hallberg, 2000] and there is no explicit horizontal diffusion in
the model.

2.2. Boundary Current Transports and Eddy Kinetic Energy Calculations
OFAM3 and earlier versions of OFAM models have been demonstrated to be able to capture the
mean structure and variability of the ocean boundary currents around Australia [Schiller et al., 2008;
Matear et al., 2013; Oke et al., 2013; Oliver and Holbrook, 2014; Zhang et al., 2016], as shown in the
map of the mean surface kinetic energy, 0:53 u21v2ð Þ½ �1=2 (Figure 1; u and v are horizontal current
velocities).

Monthly model outputs were used to calculate the volume transports of ocean boundary currents across a
few selected sections (Figure 1 and supporting information Table S1). For the EAC (288S), EAC extension
(438S), the ITF (1158E), and the Leeuwin Current (328S), the net transports were calculated; the eastward vol-
ume transport was calculated for the SAC and the westward volume transport for the Flinders Current
across the 1228E meridional section (Figure 1; supporting information Table S1 and Table 1). Annual mean
transports during 1979–2014 were calculated from the monthly averaged values for trend analysis. A boot-
strap analysis is used to assess standard errors of the linear trends.

The EKE was derived by first calculating the average horizontal velocity anomalies (u’ and v’) in the 0–50 m
layer from long-term mean and then applying a high-pass filter with cut-off period of 270 days to remove
the influence from variations at annual and longer time scales (the results are not sensitive to the choice of
the cut-off period). The EKE, 0:53 u021v02

� �
; was then averaged to monthly values and annual mean values.

The first and last 6 month EKE were removed from the analysis to avoid end point contamination due to
the high-pass filtering. The spatial distribution of EKE in OFAM3 is consistent with satellite altimeter obser-
vations (Figure 2 and supporting information Figure S1).Three areas of high EKE were identified to represent

Table 1. Mean Values (Averaged Over 1979–2014) and Linear Changes of Vol-
ume Transports of Major Ocean Boundary Currents Around Australia in OFAM3a

Boundary
Current

Average
Transport (Sv)

Linear
Change (Sv)

Percentage
of Change (%)

EAC 17.7 6 0.4 2.5 6 1.4 14 6 8
ITF 13.5 6 1.2 2.3 6 0.5 17 6 4
Leeuwin Current 3.0 6 0.7 0.8 6 0.4 27 6 13
SAC 1.6 6 0.3 0.6 6 0.1 38 6 6
Flinders Current 9.0 6 3.0 1.7 6 0.8 19 6 9

aThe standard deviations of the annual mean transports and the standard
errors of the linear changes derived from bootstrap analysis are presented.
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eddy energetics in the EAC (37–328S, 151–
1588E), the Indian Ocean South Equatorial
Current (14–108S, 105–1158E), and the Leeu-
win Current (33–278S, 110–1158E) systems
(Figure 2 and supporting information Figure
S1; Table 2).

Weekly altimeter sea level over 1993–2014 at
1/48 horizontal resolution which is available
from Archiving, Validation and Interpretation
of Satellite Oceanographic data (AVISO, http://
www.aviso.altimetry.fr/en/home.html), is used

Figure 2. (top) Average EKE in the surface layer (0–50 m average of eddy kinetic energy); and (bottom) the linear trends (represented by
linear changes in 35 years) of the EKE during mid-1979 to mid-2014 in the OFAM3 model simulation. The square boxes in the top plot
denote the high EKE areas in the EAC (37–328S, 151–1588E), the Indian Ocean South Equatorial Current (14–108S, 105–1158E), and the Leeu-
win Current (33–278S, 110–1158E).

Table 2. Mean Values (Averaged Over 1979–2014) and Linear Changes
of EKE in the Three Ocean Boundary Currents Around Australia in
OFAM3a

EKE
Average EKE

(m2 s22)
Linear Change

(m2 s22)
Percentage of

Change (%)

EAC 0.080 6 0.014 0.019 6 0.008 24 6 10
SEC 0.023 6 0.006 0.006 6 0.003 26 6 13
Leeuwin

Current
0.052 6 0.008 0.011 6 0.004 21 6 8

aThe standard deviations of the annual mean EKE and the standard
errors of the linear changes derived from bootstrap analysis are
presented.
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to derive surface current based on geo-
strophic balance. The EKE from altimeter
is derived from surface current anomalies
in the same manner as the model
current.

2.3. Wind Stress Curl and Barotropic
Stream Function Calculations
Classical Sverdrup balance relates large-
scale ocean circulation to surface wind-
stress curl forcing and can explain
much of the ocean interior circulation
[Sverdrup, 1947]. Godfrey [1989] devel-
oped the so-called ‘‘Island Rule’’ to
explicitly calculate stream function
around an Island (such as Australia)
from surface wind stress, thus can give
a complete Sverdrup stream function
for the world ocean north of Drake Pas-
sage. In this study, we applied Island
Rule to calculate the annual mean and
linear trends of Sverdrup stream func-
tion over 1979–2014.

Other data sets used in the study include
the Fremantle sea level obtained from
the University of Hawaii sea level centre,
and the PDO index obtained from KNMI
Climate Explorer.

3. Invigorating Ocean
Boundary Currents and Eddy
Fields Around Australia

There had been general rising trends
in the volume transports of major
ocean boundary currents around Aus-
tralia, and the eddy energetics in the
high EKE regions associated with the
ocean boundary currents, during
1979–2014 in the OFAM3 simulation
(Tables 1 and 2; Figure 2). The mod-

eled volume transports of the boundary currents had enhanced by 14–38%, whereas the modeled EKE had
increased by 21–26% in the three high eddy energy regions, calculated as linear trends during the 36 year
period. These trends were all above standard error estimates (Tables 1 and 2). The ocean boundary current
systems also experienced substantial decadal variations during the 36 year period, superimposed on the lin-
ear trends. In the following, we analyze the variability and the linear trends of volume transports and eddy
energetics in the individual current systems.

3.1. The East Australian Current System
In OFAM3, the core flow of the EAC had a mean transport of 17.7 Sv at 288S through the channel between
Gold Coast on the Australian continent and the sea mountain offshore, and had its maximum average
velocity of 0.8 m s21 anchored on the continental slope (Figure 3a). The Ocean Forecast for the Earth Simu-
lator (OFES) simulation derived a lower EAC transport of 14.3 Sv at this latitude [Cetina-Heredia et al., 2014].
Note that full-depth current meter mooring array at 278S during 18 month from April 2012 to August 2013

Figure 3. (a) Average meridional velocity section across the EAC along 288S, (b)
annual mean EAC volume transport across the 288S section, and (c) annual mean
eddy kinetic energy in the area of 37–328S, 151-1588E in OFAM3. In Figure 3a, pos-
itive velocity is northward. In Figures 3b and 3c, the dashed lines denote the tem-
poral averages, the bold black lines denote the linear trends, and the bold blue
lines denote the smoothed time series using a 7 year Hanning filter. The red line
in Figure 3c is the annual mean eddy kinetic energy derived from the satellite
altimeter data in the same area.
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derived a mean net EAC volume trans-
port of 15.8 Sv, occupying the upper
1500 m [Sloyan et al., 2016]. The model
volume transport had a seasonal range
of about 6 Sv, with a maximum south-
ward transport of 20.7 Sv in January
(supporting information Figure S2).

The annual mean EAC transport was
the highest in 2011 (23.4 Sv) and the
lowest transport in 1986 (12.8 Sv)
(Figure 3b). There were also prominent
decadal variations of the EAC trans-
port, with lows around 1986 and 1999
and highs around 1994 and 2011. The
EAC variability at 288S is significantly
correlated with the wind stress curls
immediately offshore at a 2 year time
lag (Figure 4), which has the most sig-
nificant lag correlations (supporting
information Figure S3). Decadal varia-
tions of the EAC transport in the OFES
simulation [Cetina-Heredia et al., 2014],
forced by NCAR/NCEP reanalysis air-
sea fluxes, differed in details from
OFAM3, which is likely due to differen-
ces in the reanalysis forcing fields.

There was a strengthening trend of
the EAC volume transport during the
36 year model simulation period, with
a linear change of 2.5 Sv, or 14% (Table
1), which is consistent with the OFES

simulation [Cetina-Heredia et al., 2014]. In conjunction with the EAC increase, the eddy energetics associated
with the EAC was also enhanced by 24% (from less than 0.08 to more than 0.09 m2s22) during the same
period (Table 2). While the decadal variations of the eddy energetics in the EAC were not in phase with the
EAC volume transport at 288S, they were consistent with satellite altimeter observations in terms of interan-
nual variability (Figure 3c).

Figure 4. Linear correlations between (top) the volume transports of the EAC at
288S and (bottom) the Flinders Current at 1228E and the wind stress curls at a
2 year lag. The correlations are calculated based on annual mean transports in
OFAM3 and wind stress curls during 1979–2014 and only correlations above 95%
significance level are plotted.

Figure 5. Linear changes of the wind stress curls in 36 years in the ocean regions around Australia during 1979–2014, derived from the
ECMWF-interim forcing.
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In the model simulation, the EAC
Extension had a mean transport of
8.9 Sv at 438S east of Tasmania, with
no significant trend during 1979–
2014 (supporting information Figure
S4). Note that there tends to be an
out of phase relationship between
the volume transports of the Tasman
Front and the EAC Extension on dec-
adal time scale [Hill et al., 2011]. The
enhanced eddy energetics in the
EAC separation region in OFAM3
would imply the strengthening of
the Tasman Front. Thus in OFAM3, a
strengthened EAC during 1979–2014
tends to feed the Tasman Front,
instead of the EAC Extension.

The strengthening trend of the EAC
appears to be consistent with the
general strengthening trend of posi-
tive wind stress curls in the Tasman
Sea east of Australia (Figure 5), as
well as linear trends of Sverdrup
stream functions derived from God-
frey’s Island Rule (Figure 6). The
trends derived from the wind stress
curls tend to be most significant to
the north and south of 288S. Thus,
the strengthening of the EAC trans-
port at 288S is likely the nonlinear
response of the boundary current
system in OFAM3 to the wind
anomalies, compared with the linear
Sverdrup theory [Sverdrup, 1947].

3.2. The Indonesian Throughflow
The modeled ITF had a mean west-
ward net transport of 13.5 Sv across
the 1158E section between Indonesia

Figure 6. Linear trends of stream functions (represented by linear changes in 36 years, in Sv), based on Godfrey’s Island Rule, derived from
the ECMWF-interim forcing.

Figure 7. (a) Average zonal velocity section across the Indonesian Throughflow along
1158E, (b) annual mean net volume transport of the Indonesian Throughflow, and (c)
annual mean EKE in the South Equatorial Current in OFAM3. In Figures 7b and 7c, the
dashed lines denote the temporal averages, the bold black lines denote the linear
trends of the transports, and the bold blue lines denote the 7 year smoothed trans-
ports using a Hanning filter. The red line in (b) is the scaled inverted PDO index to
match the model transport, and the red line in (c) is the annual mean EKE derived
from the satellite altimeter data (reduced by 50% to match the model values).
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and Australia during 1979–2014, which is
consistent with recent observations
[Sprintall et al., 2009] and modeling stud-
ies [van Sebille et al., 2014]. Most of the
transport occurred in the upper 300 m in
the latitude band of 14–98S, within the
Indian Ocean SEC (Figure 7a). The net ITF
volume transport was strongest in aus-
tral winter with a maximum westward
transport of 15.7 Sv in June, and low
transport during November–January
(supporting information Figure S2). This
is consistent with geostrophic transport
derived from the XBT surveys [Meyers
et al., 1995; Liu et al., 2005; Wijffels et al.,
2008]. There were noticeable interannual
and decadal variations in the ITF trans-
port, mostly related to zonal wind vari-
ability in the equatorial Pacific associated
with ENSO and IPO/PDO (Figure 7b). The
correlation coefficient between the
annual mean ITF transport and the PDO
index was 0.43 (P 5 0.00443). The annual
mean transport of the ITF was the high-
est in 2010 (15.5 Sv), whereas it had the
lowest transport in 1987 (10.8 Sv) and
1997 (10.9 Sv). The strengthening trend
in the volume transport of the ITF during
the model period was 2.3 Sv, which
mostly occurred during the period from
early 1990s to late 2000s, due to a
rebound of the Pacific trade winds asso-
ciated with the phase shift of the IPO/
PDO, to recover from its declines since
the climate regime shift in mid-1970s
[McPhaden and Zhang, 2004; Feng et al.,
2011]. The strength of the rebound
depends on the decadal trends of the
Pacific trade winds, which do vary
among different atmospheric reanalysis
products [Feng et al., 2011].

The high EKE along the path of the Indian Ocean SEC mostly is due to the instability of the SEC [Feng and
Wijffels, 2002]. There were correspondences between the decadal variations of the ITF and the eddy ener-
getics in the SEC (Figures 7b and 7c). The peak EKE in the SEC occurred in 2008 in the model simulation and
there was an increase of 26% (Table 2) in EKE during the 36 year period (Figure 7c). The interannual varia-
tions of the EKE in the SEC compare well with those derived from satellite altimeter data. Some of the EKE
variability in the region were associated with the Indian Ocean Dipole as simulated in OFES [Ogata and
Masumoto, 2011], such as 1982 and 1994, likely due to the strengthened meridional thermocline tilt that
promoted stronger baroclinic instability [Feng and Wijffels, 2002].

3.3. The Leeuwin Current System
In the OFAM3 simulation, the Leeuwin Current had a mean transport of 3.0 Sv at 328S west of Perth, and
had a surface current core of about 0.4 m s21 at the shelf break (Figure 8a), comparable with the NEMO
model simulation (2.9 Sv, with a similar spatial resolution with OFAM3) [Yit Sen Bull and van Sebille, 2016].

Figure 8. (a) Average meridional velocity section across the Leeuwin Current
along 328S, (b) annual mean volume transport of the Leeuwin Current, and (c) the
annual mean EKE in the Leeuwin Current in OFAM3. In Figures 8b and 8c, the
dashed lines denote the temporal averages, the bold black line denotes the linear
trend of the transport, and the bold blue line denotes the 7 year smoothed trans-
ports using a Hanning filter. The red line in (b) is the scaled annual mean Freman-
tle sea level to match the volume transport, and the red line in Figure 8c is the
annual mean EKE derived from the satellite altimeter data (increased by 30% to
match the model values).
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The volume transport of the Leeuwin
Current was stronger in austral autumn
and winter with a maximum southward
transport of 4.7 Sv in May-June, consist-
ent with the annual cycle in the obser-
vations (supporting information Figure
S2) [Feng et al., 2003]. There were
noticeable interannual and decadal var-
iations in the Leeuwin Current trans-
port, which were well correlated with
the Fremantle sea level (Figure 8b; cor-
relation coefficient of 0.67 (P50.00004),
an index of the Leeuwin Current trans-
port [Feng et al., 2003]) and the trans-
port variability of the ITF (correlation
coefficient of 0.4 (P50.0078) between
annual mean transports). Most of the
ITF and the Leeuwin Current variability
are in response to the thermocline
depth anomalies in the western Pacific,
forced by the zonal wind variability in
the equatorial Pacific associated with
ENSO and IPO, that propagate into the
southeast Indian Ocean through coastal
waveguides [Meyers, 1996; Feng et al.,
2003, 2004; Wijffels and Meyers, 2004].
The annual mean transport of the Leeu-
win Current was the highest in 2008
(4.7 Sv) and 2011 (4.8 Sv), the strong La
Nina and Ningaloo Ni~no years [Feng
et al., 2013], whereas was the lowest in
1990 (1.4 Sv). The strengthening trend
in the volume transport of the Leeuwin
Current during the model period of 0.8
Sv, 27% (Table 1), was mostly in
response to the phase transition of the
IPO/PDO after the early 1990s [Feng
et al., 2011].

The EKE in the Leeuwin Current had also
increased by 21% during the 36 year

period (Table 2). This is consistent with the notion that eddies in the Leeuwin Current mainly derive their energy
from the instability of the mean current [Feng et al., 2005]. There was a good correlation between the volume
transport and the EKE in the Leeuwin Current on the interannual and decadal timescales, and the EKE variability
in the Leeuwin Current from OFAM3 compared well those derived from the altimeter data (Figure 8c).

At the southern end of the 1158E ITF section, there was a westward flow over the continental shelf and the
shelf break of the North West Shelf of Australia, the Holloway Current, which feeds into the Leeuwin Cur-
rent. In OFAM3, the Holloway Current had an average volume transport of 1.1 Sv (supporting information
Figure S5). On seasonal cycle, the current was strongest in April, with a transport of 2.4 Sv, whereas it was
weakest in January, with a transport of just 0.2 Sv (supporting information Figure S2). Note that the current
on the shelf reversed direction during the Australian summer monsoon season [D’Adamo et al., 2009]. There
were some interannual variations in the volume transport of the Holloway Current and some were associ-
ated with the ENSO variability propagated along the coastal waveguide [Wijffels and Meyers, 2004]. There
was only a weak increasing trend of the Holloway Current transport over the model period.

Figure 9. (a) Average zonal velocity section south of Australia along 1228E, (b)
annual mean net volume transport of the South Australian Current, and (c) annual
mean volume transport of the Flinders Current. In Figures 9b and 9c, the dashed
lines denote the average transports, the bold black lines denote the linear trends
of the transports, and the bold blue lines denote the 7 year smoothed transports
using a Hanning filter.
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3.4. The South Australian Current and the Flinders Current
The continuation of the Leeuwin Current into the Great Australian Bight – the SAC had an average volume
transport of 1.6 Sv in OFAM3 (Figure 9a and Table 1). The SAC was strongest in May-June (2.4 Sv), and weakest
in January (0.9 Sv), similar with the Leeuwin Current (supporting information Figure S2). The interannual and
decadal variability of the current was modulated by the Leeuwin Current in the upstream, as well as local
wind variability. There was a 0.6 Sv increase of the volume transport of the SAC over modeling period, 38%,
which was the highest rate of increase among the boundary currents around Australia during the 36 year
period (Figure 9b and Table 1).

The Flinders Current had an average volume transport of 9.0 Sv (Figure 9c), much higher than model
derived Tasman Leakage transports [van Sebille et al., 2012, 2014], which suggests that the Tasman Leakage
may be a component of the Flinders Current. The current was strongest in January-February (10.4 Sv), and
weakest in April–June (7.9 Sv), consistent with the seasonal variation of the wind stress curls off the south-
ern coast of Australia (supporting information Figure S2) [Middleton and Cirano, 2002]. There was a strength-
ening trend of the Flinders Current of 1.7 Sv over the modeling period, 19% (Table 1). The variability of the
Flinders Current volume transport is well correlated with wind stress curl variations south of Australia at a 2
year lag (Figure 4), which has the most significant lag correlations over time (supporting information Figure
S6). Positive wind stress curl anomalies induce stronger northward Sverdrup flows that feed into the Flin-
ders Current. The wind stress curls strengthened over the 36 year period south of Australia (Figure 5), which
corresponds to the strengthening Flinders Current in OFAM3.

4. Summary and Discussions

The ocean boundary current systems around Australia are influenced by the large-scale climate variability
and change. In this study, we have used an eddy-resolving near-global ocean circulation model to reveal
that the major ocean boundary current systems around Australia, the East Australian Current (EAC), the
Indonesian Throughflow (ITF), the Leeuwin Current, the South Australian Current and the Flinders Current,
all have strengthening trends during1979–2014, in addition to their interannual and decadal variations.
These long term trends are consistent with our understanding of the multi-decadal trends of the large-scale
climate drivers. The strengthening of the EAC is likely due to the strengthening and the poleward shift of
the subtropical gyre in the South Pacific. The strengthening of the ITF and the Leeuwin Current is associated
with the climate shift toward negative phase of the IPO/PDO since late 1990s. The strengthening of the
Leeuwin Current has a flow-on effect on the SAC, whereas the strengthening of the Flinders Current is
driven by the increasing trend of the wind stress curls south of Australia.

The multi-decadal trends of the ocean boundary currents are sensitive to the multi-decadal trends in the
forcing fields derived from the atmospheric reanalysis products. It is important to evaluate the robustness
of the decadal and multi-decadal trends among different reanalysis products to better understand the
long-term trends and variability of the ocean boundary current systems.

The climate regime shift in the Pacific is associated with the global warming hiatus period in the recent dec-
ades [Meehl et al., 2011], when the Walker Circulation in the Pacific has strengthened. The strengthened
Walker Circulation induces stronger equatorial easterly trade wind anomalies, coupled with high sea level
and the sea surface temperature anomalies in the western equatorial Pacific and low sea level and the cool
sea surface temperature in the eastern equatorial Pacific. The stronger equatorial easterly winds in the
Pacific drive the strengthening trend of the ITF and the Leeuwin Current, as well as the SAC. A recent model
study suggested that the accumulation of upper ocean heat content in the Indian Ocean during the climate
hiatus period after late 1990s was mostly due to the increase in volume/heat transport of the ITF [Lee et al.,
2015]. Eddy energetics associated with the ITF/South Equatorial Current and the Leeuwin Current have also
increased during the same period.

Both the EAC and EAC Extension have strengthened in recent decades, in response to changes in winds
over the South Pacific. The discrepancy of the EKE trend in the EAC between OFAM3 and altimeter observa-
tions in the decadal trends during 1993–2014 still warrant further research. The poleward shift and strength-
ening of the westerlies in the Southern Ocean have increased the winds stress curls and caused the
poleward shift of the subtropical gyres. The wind shifts driving changes in the EAC and other southern
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hemisphere western boundary currents have been attributed to human activities, both ozone loss and
greenhouse gases [Cai et al., 2005; Cai, 2006].

Long-term trends of the ocean boundary current systems have induced significant impacts on marine environ-
ment around Australia. Temperatures at Maria Island off the east coast of Tasmania have warmed by 0.228C per
decade for the past 60 years [Hill et al., 2008], one of the largest warming trends observed in the oceans. Increases
in the strength and southward extent of the EAC have been linked to dramatic shifts in marine ecosystems off
eastern Tasmania, including a replacement of productive kelp forests by sea urchin barrens and the establishment
of warm-water species previously limited to the mainland of Australia [Johnson et al., 2011]. The increase in the
EAC and its eddies may have significant influence of the productivity of the Tasman Sea [Matear et al., 2013].

The strengthening of the ITF in recent decades has increased the upper ocean heat content in the southeast
Indian Ocean, which may have instigated more frequent Ningaloo Ni~no – marine heatwave events off the west
coast of Australia, by enhancing local air-sea coupling and strengthening the Leeuwin Current [Feng et al.,
2015a]. The marine heatwaves have caused wide spread coral bleaching, disruptions in fisheries, and regime
shifts in marine ecosystems along the west coast of Australia [Pearce and Feng, 2013; Wernberg et al., 2013;
Caputi et al., 2015]. The strengthening of the trade winds in the Pacific and the ITF have also induced a saltier
sea surface salinity trend in the Western Pacific, and a freshening trends in the southeast Indian Ocean and
in the Leeuwin Current [Du et al., 2015; Feng et al., 2015b]. The increase in ITF would also increase the
nutrient transport from the Pacific into the Indian Ocean. There are also evidences that the strengthening of the
SAC has caused fisheries ground shift and affected fisheries harvest (Crystal Beckmann, personal communica-
tion, 2015).

Whereas the climate drivers for the strengthening of the EAC, the EAC Extension, and the Flinders Current
may be part of the long-term anthropogenic climate change, the equatorial Pacific wind anomalies associ-
ated with the global warming hiatus and increased ITF and Leeuwin Current are likely part of the multi-
decadal climate variability due to the phase shift of the IPO/PDO [Kosaka and Xie, 2013]. It is important to
understand the long-term tendencies of the climate drivers of the ocean boundary current systems, so that
the long-term changes in ocean boundary current systems and their impacts on marine systems around
Australia can be better predicted on decadal time scales and be better projected under the influence of the
global climate change.
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