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ABSTRACT: Western boundary current (WBC) extensions such as the East Australian Current (EAC) southern exten-
sion are warming 2–3 times faster than the global average. However, there are nuances in the spatial and temporal variabil-
ity of the warming that are not well resolved in climate models. In addition, the physical drivers of ocean heat content
(OHC) extremes are not well understood. Here, using a high-resolution ocean model run for multiple decades, we show
nonuniform warming trends in OHC in the EAC, with strong positive trends in the southern extension region (∼368–388S)
but negative OHC trends equatorward of 338S. The OHC variability in the EAC is associated with the formation of anticy-
clonic eddies, which is modulated by transport ∼880 km upstream (EAC mode) and the westward propagation of Rossby
waves (eddy mode). Diagnosing the drivers of temperature extremes has implications for predictability both in the EAC
and in WBCs more broadly, where ocean warming is already having considerable ecological impacts.

KEYWORDS: Australia; Eddies; Mesoscale models; Ocean circulation; Ocean dynamics; Rossby waves; Transport;
Ocean models; Oceanic variability; Interannual variability

1. Introduction

Major subtropical ocean gyres, and particularly their west-
ern boundary currents (WBCs), are shifting poleward in
response to global warming (Hu et al. 2015; Yang et al. 2016,
2020). In the Southern Hemisphere, the strengthening and
poleward shift of westerly winds associated with a positive
southern annular mode (SAM) (Cai et al. 2005; Cai 2006;
Beal et al. 2011) is contributing to the spinup of the Southern
Hemisphere super gyre (Qu et al. 2019). The East Australian
Current (EAC) is one such WBC that has penetrated south-
ward over the past 60 years (Ridgway 2007; Cai et al. 2005),
and the EAC southern extension is projected to get stronger
and warmer in the future (Oliver and Holbrook 2014; Bull
et al. 2020). Surface ocean warming has increased in the EAC
southern extension with warming rates of 2–3 times the global
mean (Wu et al. 2012); however, temperature increases are
nonuniform in shelf waters along the path of the EAC (Malan
et al. 2021). In the Tasman Sea, warm ocean heat content
(OHC) anomalies in the upper 2000 m (OHC2000) show a
robust link with the occurrence, location, and intensity of
marine heatwaves (MHWs) on interannual to decadal time
scales (Behrens et al. 2019). Thus, investigating the ocean
warming patterns, trends, and potential drivers of OHC in the
EAC system is critical for understanding future temperature
changes and predicting MHWs in the EAC southern exten-
sion and in WBCs more broadly.

The EAC system is characterized by an energetic mesoscale
eddy field (Everett et al. 2012). When the EAC separates
from the coast, anticyclonic eddies shed from the main jet due
to barotropic instabilities of the mean flow (Bowen et al.
2005). In addition, the EAC transport variability at 258S is
anticorrelated with transport in the EAC southern extension
(Sloyan and O’Kane 2015). Eddy-rich regions are becoming
more eddying (Martı́nez-Moreno et al. 2021), and eddy activ-
ity is projected to increase in the future (Matear et al. 2013),
with a higher proportion of longer-lived and more stable anti-
cyclonic (warm-core) eddies relative to cyclonic (cold-core)
eddies (Oliver et al. 2015), which is projected to increase the
frequency of ocean temperature extremes in the EAC south-
ern extension (Oliver et al. 2015). Meanwhile, the poleward
transport upstream of the EAC separation is projected to
decrease in a future climate (Oliver and Holbrook 2014; Bull
et al. 2020). In addition, the Agulhas Current (the WBC of
the Indian Ocean), has been shown to be “broadening” rather
than “strengthening” as a result of more eddy activity (Beal
and Elipot 2016). However, the role of eddies in driving OHC
anomalies is not clear. Hence there is a need to better under-
stand the relationship between variability and trends in pole-
ward transport (upstream) and the role of eddies in driving
OHC anomalies in the EAC southern extension.

Among the mechanisms thought to influence the EAC sep-
aration, the westward propagation of Rossby waves (Godfrey
et al. 1980) has also been considered an important factor. Var-
iations in the EAC and EAC southern extension have been
related to remote wind forcing in the South Pacific (Hill et al.
2010), where anticyclonic (cyclonic) wind stress curl fields
generate downwelling (upwelling) and trigger downwelling
(upwelling) Rossby waves. Hence historically it was thought
that Rossby waves govern the formation of warm-core anticy-
clonic eddies (Nilsson and Cresswell 1980; Marchesiello and
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Middleton 2000) shed from the EAC jet. It is also thought that
Rossby waves play a role in connecting westward-propagating
sea level anomalies (SLA) to the EAC southern extension
transport anomalies, which in turn influence the likelihood
of advection-dominated MHWs (Li et al. 2020). Therefore,
examining the role of Rossby waves in modulating the OHC
variability in the EAC southern extension may be beneficial
to improve the potential predictability of temperature extremes
such as MHW events.

Here we investigate the physical drivers of OHC variability
in the EAC system using a long-term (22-yr), high-resolution
(2.5–6 km) ocean model to achieve three goals. First, we investi-
gate the nonuniform warming trends and dominant warming
patterns in the EAC. Second, we examine the mechanisms
controlling OHC variability in the EAC southern extension
and the role of anticyclonic eddy shedding. Third, we identify
the linkage between Rossby waves and OHC variability, dem-
onstrating the potential predictability of OHC in the EAC
southern extension. These results may have an application to
the other Southern Hemisphere WBCs, which are also warm-
ing at a rapid rate.

2. Data and methods

a. Model description and simulations

We use a configuration of the Regional Ocean Modeling
System (ROMS) model for the EAC system as described in Li
et al. (2021a,b) and previous studies (Kerry et al. 2016; Kerry
and Roughan 2020) that has been well validated. ROMS is a
free-surface, terrain-following, and primitive equation ocean
model solved on a horizontal curvilinear grid with a split-
explicit time-stepping scheme (Shchepetkin and McWilliams
2005). The model domain extends from 25.38 to 38.58S along
the southeastern Australian coast and nearly 1000 km offshore.
The model grid is rotated 208 clockwise to be oriented in the
alongshore and cross-shore directions. The model has a variable
horizontal resolution of 2.5–6 km (1/448–1/188) in the cross-shore
direction and 5 km (1/228) in the alongshore direction, which is
suitable for resolving the mesoscale eddies in the EAC system.
In the vertical, the model has 30-s layers with a higher resolu-
tion in the upper 400-m depth and near the bottom boundary
layer. The model bathymetry was obtained from the 50-m
high-resolution Multibeam Dataset for Australia from Geo-
science Australia (Whiteway 2009). We use the 2.5-level,
second-moment turbulence closure scheme to parameterize
the vertical turbulent mixing of momentum and tracers (Mellor
and Yamada 1982). The Chapman conditions (Chapman 1985)
are applied to the sea surface height (SSH), and Flather condi-
tions (Flather 1976) are applied to the barotropic velocity. The
lateral boundary conditions for baroclinic velocity, tempera-
ture, and salinity are specified as radiation conditions at the
northern and eastern boundaries and clamped conditions
at the southern boundaries. The western boundary is land.
The model initial and boundary conditions are taken from
CSIRO’s Australia Bluelink Reanalysis (BRAN2016) with
a horizontal resolution of 1/108 and 51 vertical layers (Oke
et al. 2008, 2013).

The 22-yr simulation is forced from the hourly 12-km
Bureau of Meteorology Atmospheric high-resolution Regional
Reanalysis for Australia (BARRA-R) (Su et al. 2019) and
includes the barotropic tidal constituents extracted from the
TPXO8 global tidal model (Egbert and Erofeeva 2002). Previ-
ous studies using the model output (Kerry and Roughan 2020;
Malan et al. 2021; Li et al. 2021b) provide us with the confi-
dence to use this model to investigate the drivers of OHC in
the EAC.

b. EAC eastern and southern extension definitions

We use the terms EAC eastern extension and EAC south-
ern extension, which were introduced in Oke et al. (2019), to
define the eastward and southward flow stemming from the
EAC jet and its eddies downstream of the EAC separation
point. The eastward flow toward northern New Zealand is
referred to as the EAC eastern extension, which has previ-
ously been referred to as the Tasman Front. The southward
flow toward Tasmania is referred to as the EAC southern
extension, which has previously been referred to simply as the
EAC extension.

c. Calculations of OHC2000 and SLA

OHC is a measure of the heat accumulation received by
Earth to quantify the rate of global warming (von Schuckmann
et al. 2016; Cheng et al. 2020). Ocean warming rates for
the upper 2000-m-depth layer reached record rates of 0.9 6

0.1 W m22 for the global ocean area over the period 1993–2018
(von Schuckmann et al. 2020), hence here we integrate
OHC over the top 2000 m of the water column. OHC2000
is defined as

OHC20005
�0

22000
rcpT z( )dz, (1)

where r, cp, and T(z) are the density, specific heat capacity
and temperature of seawater, respectively. We define OHC2000
larger (smaller) than the mean OHC2000 plus (minus) one
standard deviation over the 22-yr period as representing the
ocean temperature extremes in the upper 2000 m of the ocean.
SLA is calculated by removing the 22-yr mean SSH at each
model grid cell from the daily SSH output.

d. Trends, significance, and uncertainties

All the linear trends are estimated by applying a linear least
squares regression model to the spatially integrated time series.
For the trend maps, the linear trends are computed for each grid
point and statistically tested using a modified Mann–Kendall
test (Yue and Wang 2004). The autocorrelations within the
time series have also been taken into account in this statistical
test, and trends with a p value lower than 0.05 are considered
significant. The uncertainties of trends correspond to the stan-
dard error, which is the standard deviation of the time series
divided by the square root of the effective sample size from the
Mann–Kendall test.
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e. Energy conversion terms

The surface velocity components (u, y) can be decomposed
into their time-mean u, y( ) and time-varying (u′, y ′) velocities,
where overbars denote time averages over the whole simula-
tion period. Therefore, the eddy kinetic energy (EKE) is
defined as

EKE5
1
2
(
u′2 1y ′2

) · (2)

Based on the energetics analysis (Kang and Curchitser 2015),
the energy conversion term KmKe through barotropic insta-
bility is defined as follows:

KmKe5 2r0 u′u′
u
x

1 u′y′
u
y

1y′u′
y

x
1y′y′

y

y

[ ]
, (3)

where r0 is the density of seawater assumed to be a constant
1025 kg m23. The KmKe represents the energy transfer rate
from mean kinetic energy to EKE, with positive values indi-
cating the eddy formation due to barotropic instabilities of
the mean flow (Kang and Curchitser 2015). The KmKe used
here is averaged over the upper 450 m, where the EKE is
highest (Kerry et al. 2018; Kerry and Roughan 2020; Li et al.
2021b).

f. Significance test

We use a Monte Carlo method used in Ryan et al. (2021)
and Li et al. (2021b) to test the significance of the composite
analysis fields, including the OHC2000, SLA, EKE, and
KmKe. There are eight high-OHC periods with a total of
1553 days and seven low-OHC periods with 1696 days used
for the respective composite analyses. For the simulation of
the eight high-OHC events, we randomly select eight days
from the whole 22-yr period and create eight events of the
same duration as the eight high-OHC events, so as to repre-
sent eight individual randomly generated events. For each
random event, we create a composite by averaging the
selected consecutive days in the simulated eight high-OHC
events to get composite fields during (random) high-OHC
periods. We repeated this procedure 105 times and produced
a distribution of the composite fields at each spatial grid in
our model. The 5th and 95th percentiles of the distribution
are chosen as the significance levels. Similarly, the same
Monte Carlo simulation method is performed to test the sig-
nificance of the composites during the low-OHC periods.

Lagged cross-correlations are calculated between the daily
1-yr low-pass filtered time series of SLA and OHC2000 with
the linear trend removed. To take into account the autocorre-
lation in our data, we use the effective number of degrees of
freedom Neff defined as (Li et al. 2013)

1
Neff

≈ 1
N

1
2
N

∑N
j5 1

N2 j
N

rXX j( ) rYY j( ), (4)

where N is the number of observations, and rXX(j) and rYY(j)
are the autocorrelation coefficients of two time series, X and
Y, at time lag j, respectively. Then, we evaluate the statistical

significance of linear correlation coefficients by calculating p
values from the t statistic:

T5 r

�����������
Neff 2 2
12 r2

√
, (5)

where r is the cross-correlation coefficient. Only lagged cross-
correlation coefficients statistically significant above the 95%
confidence level are shown in the following correlation plots.

3. Results

a. Nonuniform trends in ocean warming and eddy activity
in the EAC system

The southward shift of the Southern Hemisphere super
gyre has resulted in an intensification of the EAC southern
extension, but a weakening of the EAC equatorward of 308S
(Cai 2006). We show positive OHC2000 trends in the EAC
southern extension and negative OHC2000 trends north of
338S (Fig. 1a). These nonuniform trends of OHC2000 are
consistent with the linear trend of estimated OHC2000 based
on reconstructed temperature fields from 1993 to 2015
(Cheng et al. 2017). The time series of OHC2000 averaged
over the region where the OHC2000 warming, positive SLA,
and EKE trend are the strongest (hereafter referred to as the
Tasman OHC box; the black box in Figs. 1a–c) shows that the
warming trend in the Tasman OHC box is (0.60 6 0.22) 3

1010 J m22 decade21 from 1994 to 2016 (statistically significant
above the 95% confidence level; Fig. 1d).

As the ocean thermal expansion associated with increased
OHC is a major contributor to sea level rise (Cazenave et al.
2018), we show that the spatial distribution of the SLA trend
is similar to that of the OHC2000 trend, with nonuniform pat-
terns (Fig. 1b). The OHC2000 cooling trends north of 338S
lead to a sea level depression from ∼308 to 338S. On the other
hand, consistent with previous observations (Malan et al. 2021),
the SLA trends are significantly positive in most regions
south of 338S, with the highest increasing sea level trend in
the Tasman OHC box (0.13 6 0.04 m decade21, statistically
significant above the 95% confidence level; Fig. 1e). In the
Tasman OHC box, the positive OHC2000 and SLA trends
are associated with increased mesoscale eddy activity (Fig. 1c),
with an increasing EKE trend of 0.03 6 0.02 m2 s22 decade21

(statistically significant above the 95% confidence level; Fig. 1f).
Conversely, the region to the north of the Tasman OHC box
exhibits negative EKE trends, indicating a reduction of meso-
scale eddy activity in the EAC eastern extension consistent with
recently demonstrated nonuniform EKE trends in the EAC
southern and eastern extension (Martı́nez-Moreno et al. 2021).

b. Spatial patterns of OHC and SLA variability

The OHC2000, SLA, and EKE show strong peaks at the
annual and interannual time scale within the Tasman OHC
box (spectral analysis; Fig. 2). To detect the most correlated
patterns between OHC2000 and SLA, we conducted a singu-
lar value decomposition (SVD) analysis of the 1-yr low-pass
filtered OHC2000 anomalies and SLA. The two leading SVD
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modes of the coupled OHC2000 and SLA variation account
for 60.3% of the total covariance and have consistent spatial
patterns (Figs. 3a–d). The first SVD mode of OHC2000 and
SLA, explaining 35.9% of the total covariance, exhibits posi-
tive anomalies south of 328S and negative anomalies along the
EAC path north of 328S (Figs. 3a,c). This oppositely signed
pattern of anomalies north and south of 328S suggests that the
first SVDmode is associated with the EAC variability, hereaf-
ter referred to as the EAC mode. The second SVD mode
accounts for 24.4% of the total covariance and shows eddy-
like structures with alternating positive and negative anoma-
lies south of 328S (Figs. 3b,d), hereafter referred to as the
eddy mode. It is worth noting that the Tasman OHC box has
the largest positive anomalies in both the EAC mode and the
eddy mode (Figs. 3a–d), implying that both modes contribute

to the OHC2000 variability in the Tasman box. Moreover, the
principal component time series of the two leading modes for
OHC2000 are significantly correlated (Fig. 3e) with those for
SLA, with correlations of 0.92 and 0.94 for the first and sec-
ond modes (statistically significant above the 95% confidence
level), respectively. These robust correlations not only vali-
date that ocean thermal expansion dominates the sea level
rise in the EAC but also suggest that the OHC2000 variability
is highly correlated with the SLA variability in the EAC.

To extract the most prominent patterns of interannual vari-
ability, we applied a multivariate empirical orthogonal func-
tion (EOF) to the 1-yr low-pass filtered OHC2000 anomalies
and SLA. The first and second EOF modes explain 20.1%
and 12.3% of the total variance, respectively. Interestingly,
the spatial patterns of the two leading EOF modes are

FIG. 1. (a) Spatial distribution of OHC2000 trends between 1994 and 2016. The gray stippling indicates regions that are statistically signif-
icant above the 95% confidence level. The black box indicates the Tasman OHC box (∼35.98–38.48S, ∼150.38–153.18E). The gray line indi-
cates the 2000-m isobath. (b),(c) As in (a), but for the SLA and EKE. (d) Time series of the 1-yr low-pass filtered OHC2000 averaged over
the Tasman OHC box (solid black line) with errors estimated above 95% confidence level. The dashed line indicates the linear trend.
(e),(f) As in (d), but for the SLA and EKE.
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consistent with that of the two leading SVDmodes (Figs. 4a–d),
implying that the highly correlated EAC mode and eddy mode
also dominate the OHC2000 and SLA variability in the EAC.
Furthermore, the principal component time series of the two
leading EOF modes show statistically significant relationships
with the 1-yr low-pass filtered OHC2000 time series averaged
within the Tasman OHC box (hereafter referred to as the
OHC2000 index), with a correlation of 0.63 for the first mode
and 0.52 for the second mode (statistically significant above the
95% confidence level), respectively (Fig. 4e). Therefore, inter-
annual variability in OHC2000 in the Tasman OHC box corre-
lates to the variability of the two leading EOF modes with
similar patterns shown in the EACmode and eddy mode.

c. Linkage between transport upstream and OHC variability

We have shown that the positive trends of OHC2000, SLA,
and EKE are largest in the Tasman OHC box, and that
OHC2000 and SLA have the highest variability in that region.
The 1-yr low-pass filtered SLA and EKE time series averaged
within the Tasman OHC box show statistically significant
relationships with the OHC2000 index, with a correlation of
0.88 for SLA and 0.64 for EKE (statistically significant above
the 95% confidence level), respectively (Fig. 5a). This sug-
gests a robust link between eddy-associated SLA variability
and OHC2000 variability in the Tasman OHC box. Here we
define high-OHC (low-OHC) periods when the OHC2000
index is larger (smaller) than the mean OHC2000 plus
(minus) one standard deviation of the OHC2000 time series
(Fig. 5a) (Li et al. 2021b). Periods with a high-OHC anomaly
correspond with periods of high eddy activity and elevated
SLA in the Tasman OHC box, and the inverse is true for a
low-OHC anomaly.

To investigate the mechanisms responsible for the OHC2000
variability in the Tasman OHC box, we conducted a composite
analysis of OHC2000 anomalies, SLA, EKE, and the energy
conversion term from mean kinetic energy to EKE (KmKe)

for the high-OHC and low-OHC periods (Fig. 5). Positive
KmKe indicates that eddies drain energy from the mean
flow through barotropic instabilities to drive an eddy shed-
ding event (Kang and Curchitser 2015). It is evident that the
large positive OHC2000 anomalies in the Tasman OHC box
during the high-OHC periods are associated with increased
eddy activity in the EAC southern extension (Figs. 5b,c).
Barotropic instability extends the length of the EAC and
into the Tasman OHC box. High positive KmKe (Fig. 5e) in
the Tasman OHC box increases the energy transfer from
mean flow to eddies, resulting in elevated EKE (Fig. 5d),
accompanied by large positive OHC anomalies and SLA
(Figs. 5b,c). This implies an increase in anticyclonic (warm-
core) eddies in the EAC southern extension (Tasman OHC
box). During the low-OHC periods in the EAC southern
extension, we see that KmKe and EKE are a maximum
upstream of the Tasman OHC box (Figs. 5h,i). As the eddy
activity occurs farther north, OHC2000 anomalies and SLA
are a minimum in the Tasman OHC box (Figs. 5f,g) with
positive anomalies north (upstream) of the box. In this sce-
nario, the EAC does not extend southward into the Tasman
OHC box.

Composites of SSH and eastward and northward velocities
during the high-OHC and low-OHC periods tell a consistent
story. A prominent anticyclonic structure (Fig. 6a) can be
seen in the Tasman OHC box during the high-OHC periods
showing that the EAC separates from the coast at the south-
ern end of its range. Composite velocities show that the EAC
jet penetrates farther south (Figs. 6c and 7c) and turns east-
ward (Figs. 6b and 7a) to form the EAC return flow. We cal-
culate the EAC separation latitude, which shows that during
the high-OHC periods the EAC separates within the Tasman
OHC box more often (8.7%; Fig. 6d). In contrast, during the
low-OHC period, the EAC jet separation retracts to the north
(Figs. 6f–h and 7b,d) with a significantly decreased separation
in the Tasman OHC box (0.3%; Fig. 6i).

FIG. 2. (a) Frequency spectra of OHC2000 averaged in the Tasman OHC box over the 22 years. The solid green line indicates the fre-
quency spectra from unfiltered OHC2000 time series. The green dashed lines represent the 95% confidence intervals. The dashed gray line
indicates the frequency corresponding to the annual period, and the gray shaded area shows the frequency band corresponding to periods
of 270–500 days. (b),(c) As in (a), but for the SLA (blue line) and surface EKE (orange line).
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Following the approach in Kerry and Roughan (2020) and
Li et al. (2021b), we compute the poleward transport over the
cross-sectional area inside the 20.05 m s21 contour in the
alongshore velocity mean. To examine the physical drivers of
eddy activity in the Tasman Sea, we calculate the zero-lag cor-
relations between the 1-yr low-pass filtered time series of
poleward transport every 5 km and the OHC2000 index. The
significantly negative correlation equatorward of 358S indi-
cates the transport is anticorrelated with the OHC2000 index
(Fig. 6e), particularly north of 288S with a mean correlation of
20.51 (statistically significant above the 95% confidence
level). A clear positive correlation between the transport and
the OHC2000 index can be seen south of 358S, particularly
within the latitudes of the Tasman OHC box with a mean cor-
relation of 0.75 (statistically significant above the 95% confi-
dence level). The composite northward velocities (Figs. 6c,h)
and velocity anomalies (Figs. 7c,d) also reveal the negative

and positive correlations north and south of 358S, respec-
tively. Thus, a stronger EAC jet upstream corresponds to
a weaker EAC in the Tasman OHC box, while a weak
upstream EAC jet corresponds to increased penetration of
the EAC into the Tasman OHC box.

Significantly trends in poleward transport along the EAC
path are nonuniform and indicate that the EAC jet is weaken-
ing equatorward of 338S and strengthening poleward of 358S,
particularly around the latitudes of the Tasman OHC box
(∼368S, where the positive trend is largest with a mean trend
of 6.1 Sv decade21, where 1 Sv ≡ 106 m3 s21; Fig. 6j). The
intensification of the EAC transport poleward of 358S results
from the southward shift of the subtropical gyre (Ridgway
2007; Yang et al. 2016, 2020). This pattern of decreasing
(increasing) transport upstream (downstream) of 358S is con-
sistent with the nonuniform trends of OHC, SLA, and EKE
we observed, implying that a decrease in EAC transport

FIG. 3. Spatial patterns of the (a) first and (b) second SVD modes for the 1-yr low-pass filtered OHC2000 from 1994 to 2016. (c),(d) As
in (a) and (b), but for the SLA. (e) Time series of the first (solid line) and second (dashed line) SVD principal components for OHC2000
(black line) and SLA (green line).
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upstream leads to an increase in OHC in the Tasman OHC
box in a warming climate.

Our composite analysis demonstrates that EAC transport
(measured upstream) is a driver of OHC2000 variability in
the Tasman OHC box. A weaker EAC (Fig. 7c) is relatively
stable (Fig. 5e) and penetrates farther south (Figs. 6a–c),
increasing the EAC transport (Fig. 7c) and the likelihood of
EAC separation (Fig. 6d) in the Tasman OHC box. Anticy-
clonic eddies shed from the EAC jet when it separates from
the coast (Fig. 6a), increasing EKE, SLA, and OHC2000
anomalies in the Tasman OHC box (Figs. 5b–d). A stronger
upstream EAC (Fig. 7d) is more barotropically unstable (Fig. 5i),
resulting in an equatorward retraction of the EAC separation
(Figs. 6f–h) and therefore minima in EKE, SLA, and OHC2000
anomalies in the Tasman OHC box (Figs. 5f–h). Previous studies
have suggested that the EAC southern extension is projected to
intensify under global warming associated with weaker transport
upstream (Oliver and Holbrook 2014; Bull et al. 2020). In light

of our results, we suggest that the decrease in transport
upstream will also lead to an increase in OHC2000 in the Tas-
man Sea in a future climate.

d. The link between Rossby waves and OHC

Rossby waves play a critical role in sea level variability
(Sasaki et al. 2008), trends (Qiu and Chen 2006), and pole-
ward transport in the EAC southern extension (Hill et al.
2010; Holbrook et al. 2011; Li et al. 2020). To understand the
link between Rossby waves and OHC in the Tasman OHC
box, we track the propagation of SLA and Rossby waves
based on snapshots of the spatial distribution of lagged corre-
lations between SLA and OHC2000 index (Fig. 8). At a lag of
2800 days (Fig. 8b), significantly positive correlations propa-
gate into the model domain at ∼328–348S where long Rossby
waves emanate (Sasaki et al. 2008) from around northern
New Zealand. This is consistent with Li et al. (2020), who
demonstrated that the SLA around New Zealand (as an

FIG. 4. Spatial patterns of the (a) first and (b) second EOF modes for the 1-yr low-pass filtered OHC2000 from 1994 to 2016. (c),(d) As
in (a) and (b), but for the SLA. (e) Time series of the first (solid line) and second (dashed line) EOF principal components for OHC2000
(black line) and SLA (green line).
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index) leads advective marine heatwaves (MHWs) in the west-
ern Tasman Sea by 2–3 years. A distinctive westward propaga-
tion can be found at a lag of 2800 to 2400 days (Figs. 8b–e).
Like other WBCs (Lu and Liu 2013), the EAC return flow
acts as a dynamic barrier and blocks the Rossby waves from
propagating farther westward, with no significant correlations
in the eddy-dominated region west of 1578E. Instead, when

the Rossby waves reach around 1578E, the significant positive
correlations turn to propagate southwestward along a band
between the mean SSH contour of 0.3 and 0.35 m (SSH band)
(Figs. 8f–j). We find the highest positive correlations in the
Tasman OHC box at a lag of2100 and 0 days (Figs. 8i,j).

To show the propagation of Rossby waves, we averaged the
1-yr low-pass filtered SLA and lagged correlation coefficient

FIG. 5. (a) Time series of the 1-yr low-pass filtered OHC2000 (black line), SLA (green line), and surface EKE (orange line) averaged
over the Tasman OHC box. The time series are normalized by their respective standard deviation (STD) with the linear trends removed.
Periods when OHC2000 is larger (smaller) than 1.0 STD are highlighted in red (blue). Composites of (b) OHC2000 anomalies, (c) SLA,
(d) surface EKE, and (e) KmKe averaged over the upper 450 m during the high-OHC periods. The gray stippling indicates significance
above the 95% confidence level. (f)–(i) As in as (b)–(e), but for the low-OHC periods.
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within the SSH band. Bands of positive and negative SLA
are clearly observed (Fig. 9b), illustrating the westward prop-
agating Rossby wave troughs and crests. This westward prop-
agation of SLA also suggests that the SLA variability at
∼328–348S (1588–1608E) modulates the SLA variability in the
Tasman OHC box, with a lead time of ∼600–800 days (Fig. 9c).
It is noteworthy that most periods of positive SLA that are
associated with high OHC2000 in the Tasman OHC box
correspond to periods of weak poleward transport at 288S
(Figs. 9a,b), but only a few periods of negative SLA are
associated with strong poleward transport upstream. This sug-
gests an asymmetric response to Rossby waves for the SLA
and OHC2000 in the Tasman OHC box when the upstream
transport is strong or weak. When upstream transport is weak,
EAC separation can be modulated by westward propagating
Rossby waves, whereas when upstream transport is strong the
separation is dominated by the existence of large barotropic
instability north of the Tasman OHC box. Therefore, both
upstream transport and Rossby waves are of critical impor-
tance for modulating the OHC2000 variability in the Tasman
OHC box.

The westward propagation of Rossby waves plays an impor-
tant role in the EAC separation (Godfrey et al. 1980) and
anticyclonic eddy formation (Nilsson and Cresswell 1980;
Marchesiello and Middleton 2000). As demonstrated in previous

studies (Holbrook et al. 2011), downwelling Rossby waves
triggered by downwelling wind stress curl anomalies in the
interior of the South Pacific Ocean propagate into the Tasman
Sea and lead to deeper pycnocline anomalies and positive
SLA. When poleward transport at 288S is weak associated
with low SLA (Fig. 5c), the EAC jet is stable and penetrates
farther south (Fig. 10a). In this case, the positive SLA at
∼328–348S resulting from downwelling Rossby waves propa-
gate southwestward along the SSH band, resulting in an anti-
cyclonic eddy being pinched off and an increase in both
OHC2000 and SLA in the Tasman OHC box. In contrast, a
stronger transport at ∼288S with high SLA (Fig. 5g) causes the
EAC jet to be barotropically unstable (Fig. 10b). The separa-
tion latitude of the unstable EAC jet retracts to the north of
the Tasman OHC box, leading to a decrease in OHC2000 in
the Tasman OHC box. When upwelling Rossby waves propa-
gate westward into the EAC system, negative SLA propagates
southwestward along the SSH band and contributes to lower
OHC2000 in the Tasman OHC box.

4. Discussion and conclusions

The EAC southern extension is warming 2–3 times the
global average due to the spinup of the South Pacific subtropi-
cal gyre (Wu et al. 2012). However, the warming rates are

FIG. 6. Composites of (a) SSH, (b) surface eastward and (c) northward velocity component during the high-OHC periods. Blue line (red
line) in (b) indicates the mean SSH contour of 0.3 m (0.35 m). (d) Percentage occurrence of the composite EAC separation latitude during
the high-OHC periods. (e) Correlation coefficients between the 1-yr low-pass filtered poleward volume transport and the OHC2000 index.
(f)–(i) As in (a)–(d), but for the low-OHC periods. (j) Trends of poleward volume transport (thin black line). Thick blue line and blue
shading indicate the trends and standard errors that are statistically significant above the 95% confidence level.

L I E T A L . 11051 FEBRUARY 2022

Unauthenticated | Downloaded 02/21/22 10:40 PM UTC



nonuniform with latitudes (Malan et al. 2021). Using a multi-
decadal ocean simulation, we characterized the spatial warm-
ing trends in the EAC, revealing cooling and warming trends
equatorward and poleward of 338S, respectively (Fig. 1a). The
pattern is associated with a decreasing (increasing) trend in
poleward transport upstream (downstream) of 358S (Fig. 6j).
The transport at 288S is significantly anticorrelated with the
OHC2000 in the Tasman OHC box (Fig. 6e), and modulates
the OHC2000 variability downstream. The decreasing trend
in transport north of 358S results from the poleward shift of
the EAC system, which is projected to continue in the future
(Oliver and Holbrook 2014; Bull et al. 2020), implying that
the nonuniform warming trends in the EAC are likely to per-
sist under continued global warming.

The frequency, duration, and intensity of MHWs in the
global ocean have increased over the past century (Oliver
et al. 2018) and are projected to continue to increase (Oliver

et al. 2019). Compared to sea surface temperature, which can
be highly affected by atmospheric variability, OHC2000
shows lower variability and an enhanced skill in predicting
MHWs (Behrens et al. 2019). Here we show that OHC2000
variability in the Tasman OHC box is associated with eddy
activity (Fig. 5a), particularly the occurrence and latitude of
an anticyclonic eddy shedding when the EAC separates from
the coast driven by barotropic instabilities. This implies that
mesoscale eddies play an important role in driving ocean
warming and MHWs in the EAC southern extension, consis-
tent with the results of Elzahaby et al. (2021) showing advec-
tion dominated MHWs in this region. Eddy-rich WBC
extension regions have high MHW intensity and greater com-
plexity (Oliver et al. 2021); however, climate models disagree
with observations in simulating MHWs in these regions due
to their coarser resolution, and therefore higher resolution is
required to capture this MHW variability (Pilo et al. 2019;

FIG. 7. Composite eastward surface velocity anomalies for the (a) high-OHC periods and (b)
low-OHC periods. (c),(d) As in (a) and (b), but for the composite northward surface velocity
anomalies. Blue line (red line) indicates the mean SSH contour of 0.3 m (0.35 m). Black vectors
indicate the surface velocity anomalies.
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Hayashida et al. 2020). Our results suggest that models that
can resolve mesoscale processes such as eddy shedding are
required to better represent MHWs and understand their
physical drivers, as proposed by Pilo et al. (2019) and Haya-
shida et al. (2020). EKE in WBCs and their eddy-rich exten-
sions have increased over the past three decades (Martı́nez-
Moreno et al. 2021). Our high-resolution (,6 km) ocean
model results show statistically significant nonuniform EKE
trends in the EAC system (Fig. 1c), which are consistent with
satellite observations (Mart́ınez-Moreno et al. 2021). Our
results further highlighted that transport ∼880 km upstream is
associated with the formation of anticyclonic eddies through
barotropic instabilities in the Tasman Sea (Fig. 5). The EAC
jet is more likely to separate and shed anticyclonic eddies
around the Tasman OHC box when the poleward transport
upstream is weak, while its separation latitude retracts north-
ward when the transport upstream is stronger (Figs. 6a–d,f–i).
The decreasing transport trends (Fig. 6j) appear to increase
eddy activity and further result in ocean warming in the Tas-
man OHC box. Our findings reveal the dynamical mecha-
nisms of eddy-induced warming due to the poleward shift of
the EAC. These results can potentially be used to investigate
warming in other Southern Hemisphere WBCs, such as the
Brazil and Agulhas Currents.

We demonstrated that Rossby waves propagate into the
model domain around 328–348S and then turn southward at
1578E to propagate into the Tasman OHC box along the

dynamical barrier of the EAC return flow (Fig. 8). Westward
propagation of downwelling Rossby waves and a weaker
upstream transport will increase the OHC2000 in the Tasman
OHC box, but a stronger upstream transport together with
upwelling Rossby waves tend to decrease the OHC2000,
implying an asymmetric response to Rossby waves for the
OHC2000 in the Tasman OHC box. It has been suggested
that due to the contribution from Rossby waves in modulating
the EAC extension transport, SLA to the east (around New
Zealand) could be a useful predictor of western Tasman Sea
MHWs (Li et al. 2020). Our findings build on Li et al. (2020)
by demonstrating that both upstream transport and Rossby
waves play an important role in modulating the OHC2000
variability in the Tasman Sea. In the Kuroshio Extension sys-
tem (Japan), the arrival of Rossby waves at the western
boundary leads to the acceleration of the Kuroshio Extension
by enhancing the potential vorticity gradient (Taguchi et al.
2005). Therefore, an in-depth analysis of the dynamics and
interactions between the EAC and Rossby waves is needed to
study the potential predictability of MHWs in the future.

Although our time series covers only 22 years, there
appears to be some evidence of decadal variability in our
OHC and SLA results (Fig. 5a), which may be driven by cli-
mate modes and other large-scale natural variability. As dis-
cussed in previous studies (Sasaki et al. 2008; Holbrook et al.
2011), the SLA variability in the Tasman Sea is influenced by
decadal El Niño–Southern Oscillation (ENSO) variability and

FIG. 8. Spatial distributions of the lagged correlation coefficients between the 1-yr low-pass filtered SLA and the OHC2000 index from
(a) 2900 to (j) 0 days. All correlation coefficients are statistically significant above the 95% confidence level. Blue line (red line) indicates
the mean SSH contour of 0.3 m (0.35 m).
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remotely forced Rossby waves. Using an eddy-resolving
ocean model (1/108 3 1/108), Sasaki et al. (2008) showed that
the SLA variability in the Tasman Sea is connected to atmo-
spheric variations over the central South Pacific associated
with decadal ENSO. Remotely forced Rossby waves from the
South Pacific Ocean, in response to decadal variations in
ENSO, contribute to the variability in detrended sea level
observations in Australia’s Sydney Harbour and in EAC
transport (Holbrook et al. 2011). In the present study, we use
a high-resolution regional ocean model to capture the impor-
tant processes of EAC separation and eddy formation, and
the focus is on the internal variability in the EAC system. Our
results clearly show how the EAC transport upstream and the
westward propagating Rossby waves in the Tasman Sea influ-
ence the OHC variability in the EAC southern extension.
External forcing from large-scale climate modes also plays
an important role in EAC variability, which will be the focus

of future work. Indeed, the understanding of the influence
of the EAC on OHC gained from this study makes an
important contribution toward understanding the influence
of climate modes on the OHC in the EAC southern
extension.

We have examined the drivers of OHC in the EAC and
find that OHC2000 and SLA trends equatorward of 338S and
EKE trends in the EAC eastern extension are negative, but
the OHC2000, SLA, and EKE trends are positive poleward of
338S. Moreover, we demonstrated that the OHC2000 and
SLA variability in the EAC are driven by two mechanisms: an
EAC mode and an eddy mode. The OHC2000 variability in
the Tasman Sea is associated with the formation of anticy-
clonic eddies, which is modulated by 1) transport ∼880 km
to the north and 2) the westward propagation of Rossby
waves. When transport upstream is weak, the EAC jet is
more stable and penetrates farther south. When this coincides

FIG. 9. (a) Time series of the 1-yr low-pass filtered poleward volume transport at 288S, with the linear trends
removed and normalized by its STD. Periods when transport is larger (smaller) than 1.0 STD are highlighted in red
(blue). (b) Hovmöller plot of the 1-yr low-pass filtered SLA along the SSH band. Gray lines indicate the longitudes of
1578E and the northeastern corner of the Tasman OHC box. Thick purple and green lines show the high-OHC and
low-OHC periods, respectively. (c) Lagged correlations between the 1-yr low-pass filtered SLA and the OHC2000
index along the SSH band from21000 to 0 days.
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with downwelling Rossby waves that propagate positive SLA
westward and pinch off anticyclonic eddies in the Tasman
OHC box, OHC is a maximum in the EAC southern exten-
sion. On the other hand, strong transport upstream leads to a
barotropically unstable EAC that separates farther to the
north (33.18–35.98S). In addition, we identified that the EAC
return flow acts as a dynamical barrier for the westward prop-
agating Rossby waves, which then propagate SLA to the Tas-
man OHC box. Our findings shed new light on the
mechanisms driving warming in the EAC southern extension,
including the role of EAC transport and eddies. Our results
have far-reaching implications for improving the potential
predictability of MHWs in the EAC and WBCs more
broadly.
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