
1.  Introduction
1.1.  Global Gyre Spin-Up and Impacts

Globally, oceanic kinetic energy has been increasing since the early 1990s (Hu et al., 2020), and the sub-
tropical gyres, which act via their western boundary currents as the major driver of poleward heat, have 
intensified, extended poleward (Yang et al., 2015, 2020), and warmed (Wu et al., 2012). However, western 
boundary currents are highly nonlinear systems, and their response to the spin-up of the subtropical gyres 
is not completely understood (Beal & Elipot, 2016; Hutchinson et al., 2018; Imawaki et al., 2013). Further-
more, understanding changes in the interaction between western boundary currents and shelf waters is 
challenging, due to fine temporal and spatial scales and the energetic nature of the interactions. Thus, while 
there are several studies on warming within western boundary current extensions in the blue ocean (Chen 
et al., 2014; Williams 2012; Wu et al., 2012), there is little understanding of how continental shelf waters 
inshore of western boundary currents are responding to subtropical gyre intensification. This is partly due 
to a lack of suitable long-term observations (Shearman & Lentz, 2010) and the uncertainty in using satellite 
and reanalyzes products close to the coast in areas of strong velocity and temperature gradients.

Abstract  Western boundary currents (WBCs) have intensified and become more eddying in recent 
decades due to the spin-up of the ocean gyres, resulting in warmer open ocean temperatures. However, 
relatively little is known of how WBC intensification will affect temperatures in adjacent continental 
shelf waters where societal impact is greatest. We use the well-observed East Australian Current (EAC) to 
investigate WBC warming impacts on shelf waters and show that temperature increases are nonuniform 
in shelf waters along the latitudinal extent of the EAC. Shelf waters poleward of 32°S are warming more 
than twice as fast as those equatorward of 32°S. We show that nonuniform shelf temperature trends are 
driven by an increase in lateral heat advection poleward of the WBC separation, along Australia's most 
populous coastline. The large-scale nature of the process indicates that this is applicable to WBCs broadly, 
with far-reaching biological implications.

Plain Language Summary  As the circulation in ocean basins intensifies, it causes changes 
in the currents on their western boundaries which carries heat toward the poles. While we know that this 
causes warming in the open ocean, knowledge of how these changes affect coastal and shelf regions is 
limited. Here, we use a suite of different observations and an ocean model to show that, off the coast of 
southeastern Australia, the coastal ocean is warming two or three times faster in areas poleward of where 
the East Australian Current separates from the coast than where the East Australia Current remains 
close to the coast. This is due to the shelf waters poleward of where the current separates from the coast 
receiving an increase in the amount of warm water being pushed onto them as the southern outflow of 
the East Australia Current becomes more turbulent and eddying. This warming is driven by large-scale 
changes in wind patterns, and so is likely to be common to other similar current systems. As coastal 
ecosystems are the most productive, we expect this nonuniform warming to have a widespread biological 
impact.
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1.2.  South Pacific Gyre Spin-Up and Impacts

In response to the intensification of the south pacific gyre circulation, the East Australian Current (EAC) 
extension region has been warming at two to three times the global average since the early 1990s (Hu 
et al., 2015; Ridgway, 2007; Qu et al., 2019). However, with most attention on changes in the separation 
latitude and the nature of eddies in the EAC extension region (Cetina-Heredia et al., 2014; Oliver & Hol-
brook, 2014; Rykova & Oke, 2015), there has been little investigation into whether the effect of the spin-up 
on the EAC is homogeneous. Of the many studies that have investigated a system-wide temperature re-
sponse to climate change, they mostly have global to basin-scale focus (Bowen et al., 2017; Bull et al., 2020; 
Duran et al., 2020; Oliver & Holbrook 2014; Wu et al., 2012) with little investigation into latitudinal de-
pendence. A knowledge of this latitudinal dependence is particularly important considering the societal 
benefit derived from coastal and shelf waters particularly fisheries (Suthers et al., 2011), the large range of 
dynamical regimes, and the tropicalization of ecosystems (Messer et al., 2020; Vergés et al., 2014) occurring 
in WBCs, e.g., in the EAC between 26°S and 40°S.

1.3.  EAC Shelf Temperature Trends

Previous studies of temperature trends in the EAC cover a very limited latitudinal range. (Thompson 
et  al.,  2009), using historical in-situ surface data found a coastal temperature trend of 0.7°C per centu-
ry at Port Hacking (34°S) and 2°C per century at Maria Island (42°S). The warming trend at Maria Is-
land has been attributed to changes to basin-scale wind forcing, and thus intensification of the EAC (Hill 
et al., 2008). Later work using coupled climate models suggest the much of this intensification may in fact 
be driven by regional changes in wind stress curl (Bull et al., 2020). Thus, there appears to be a link between 
the intensification of the subtropical gyre circulation and increasing temperature trends on the continental 
shelf. However, this is based on one observational site at 42°S (Hill et al., 2008; Ridgway, 2007; Shears & 
Bowen, 2017), at the southern most extent of the EAC extension far from the influence of the EAC jet it-
self. Moreover, there is little knowledge of the response of the EAC shelf system along its latitudinal range 
(greater than 2,000 km) to the intensification of the EAC.

1.4.  Approach

Previous work looking at changes in coastal latitudinal temperature gradients (Baumann & Doherty, 2013) 
uses gridded temperature data which is too coarse to resolve western boundary shelf systems, where length 
scales are 10–40 km (Schaeffer et al., 2016). In the East Australian Current (EAC), the Integrated Marine 
Observing System has maintained an array of shelf moorings since 2008, along the length of the EAC, from 
27°S to 42°S. Here, we use this long-term of in-situ temperature observations, long-term satellite-derived 
data sets and a multidecadal regional ocean model simulation to investigate the nature of change in the 
EAC system from 1993 to 2020. We focus on how large-scale changes in the dynamics affect temperatures in 
continental shelf waters between (26°S) and (42°S). While no single data set can fully represent the state of 
this narrow (<50 km) stretch of shelf water between the dynamic western boundary current and the coast, 
the integration of these different methods allows a robust view of changes in the system.

2.  Data and Methods
2.1.  Satellite Sea Surface Temperature

Satellite-derived foundation sea surface temperatures (SST) are obtained from the Group for High-Reso-
lution Sea Surface Temperature (GHRSST) Level 4 SST analysis produced at the Canadian Meteorological 
Center. This data set merges infrared satellite SST at varying points in the time series from the ATSR series 
of radiometers from ERS-1, ERS-2, and Envisat, AVHRR from NOAA-16, 17, 18, 19 and METOP-A, and mi-
crowave data from TMI, AMSR-E, and Windsat in conjunction with in-situ observations of SST from ships 
and drifting buoys. This product performs well when compared to other long-term gridded SST analyses 
(Fiedler et al., 2019), while still retaining sufficient resolution for use on the shelf. The spatial resolution at 
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this latitude (19 km) is less than the shelf width at its narrowest and corresponds well to the decorrelation 
length scales of surface temperature as reported by (Schaeffer et al., 2016). Temperature time series for shelf 
waters are extracted by averaging satellite SST over a 0.2° × 0.3° box around the shelf mooring locations 
shown in Table 1. SST trends are calculated from a linear regression of the daily means (from 1993 to 2017) 
after the climatological season cycle was removed. Significance is calculated at a 95% confidence interval 
using the Wald Test with t-distribution of the test statistic with each year being considered independent.

2.2.  In-Situ Temperature Observations

To evaluate whether the trends derived from satellite SST are an appropriate representation of changes in 
temperatures along the shelf, we compare them with near-surface in-situ temperature observations from 
shelf moorings. Data are obtained from the Integrated Marine Observing System (IMOS) Australian Na-
tional Mooring Network who maintain moorings at 27°S, 30°S, 34°S, 36°S, and 42°S. The moored temper-
ature data records are at least a decade long, with the earliest record used here starting in 2008. Temporal 
sampling is 5 min to hourly since commencement, with “near-surface” records ranging 12–23 m below the 
surface in water depths of 63–140 m (see Table 1). Hence, they are extremely useful for validating the long-
term shelf temperature trends observed by satellite over a large latitudinal range (∼1,600 km).

2.3.  Eddy and Mean Kinetic Energy

Sea surface height observations and derived geostrophic velocities (u and v) were obtained from the satel-
lite altimetry product distributed by IMOS (accessed at portal.aodn.org.au). This product merges satellite 
altimetry with sea level elevation measurements from coastal tide gauges (Deng et al., 2011) with a spatial 
resolution of 0.2°. The eddy and mean kinetic energy (EKE and MKE, shown in Figure 2) were calculated 
for the period 1993–2017. EKE is defined as (u′2 + v′2)/2, where   u u u  and   v v v ; u  and v  being the 
annual mean for each individual year. MKE is defined as 2 2( ) / 2u v . The time series for EKE are extracted 
from boxes 0.5° × 0.5°, which are larger than for SST, due to the lower resolution of the altimetry. Trends 
and statistical significance are calculated as detailed for SST above, but on annual means.

2.4.  Heat Budget

A regional hydrodynamic model of the EAC system (EAC-ROMS; Kerry & Roughan, 2020a, 2020b) is used 
to further our understanding of the drivers of temperature on the shelf adjacent to the EAC. The model uses 
the Regional Ocean Modeling System (ROMS) and the configuration has been used in previous studies of 
the EAC system (Kerry & Roughan, 2020a; Kerry et al., 2016, 2020; Phillips et al., 2020; Rocha et al., 2019; 
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Latitude 
(°S)

Mooring 
Depth (m)

Sensor Depth 
(m)

Data Coverage 
(%)

Corr. with 
SST

Moored Trend 
(°C/decade)

Satellite Trend 
(°C/decade)

27.34* 63 20 83 0.90 0.18 ± 0.11 0.49 ± 0.07

30.27 100 20 95 0.92 0.2 ± 0.10 0.16 ± 0.07

34.00 140 23 93 0.90 1.34 ± 0.10 1.65 ± 0.08

36.22* 120 19 73 0.93 2.30 ± 0.12 2.24 ± 0.10

42.60 90 20 96 0.98 1.03 ± 0.07 1.21 ± 0.08

Asterisks show mooring records which are slightly shorter at 27°S (December 2010) and 36°S (March 2011). Also 
shown are the correlations between the moored temperature data and satellite SST, the moored temperature trend at 
each location the time period 2010–2017, which is common to both the satellite SST and the moored observations, and 
the satellite SST trend for that same time period.

Table 1 
Metadata for In-Situ Temperature Observations Obtained at the Shelf Mooring Sites Along Southeastern Australia 
Between 2010 and 2017 (Latitude (°S), Mooring Depth (m) and Sensor Depth (m), Percentage Data Coverage for Each 
Moored Temperature Record)
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Schilling et al., 2020). The domain extends from 25.3°S to 38.5°S, and from the coast to ∼1,000 km offshore. 
The grid is rotated 20° clockwise so as to be aligned with the shelf edge. Spatial resolution is 5 km in the 
along-shelf direction and 2.5 km in the cross-shelf direction, giving a good representation of the hydro-
dynamics of the shelf waters inshore of the EAC. The model runs from 1994 to 2016. Full details of the 
model setup and validation can be found in Kerry et al. (2016) and Kerry and Roughan (2020a). The model 
reproduces the latitudinal gradient in satellite SST trends, as shown in Figure S1 and Table S1. EAC-ROMS 
provides a dynamically consistent high-resolution framework with which to assess the varied contributions 
of lateral advection of heat and surface heat flux to temperature changes in shelf waters.

We investigate the heat budget in EAC-ROMS to assess changes in both atmospheric forcing and ocean-
ic heat advection in shelf waters following previous studies (Colas et al., 2012; Tamsitt et al., 2016; Zaba 
et al., 2020). The depth-averaged shelf heat budget can be simplified to:

  ,dT ADV Qs
dt

� (1)

where the temperature tendency 
dT
dt

 (from here on referred to as TEND) is a function of the lateral heat 

transport (ADV—from advection plus a small contribution from horizontal diffusion and mixing) and the 
flux of heat between ocean and atmosphere (Qs, referred to as SURF). Use of the online diagnostic terms 
in the model enables the budget to close, as by design the model satisfies the heat conservation equations. 
Temperature tendency can be represented for volume V as the spatially and depth integrated rate of change 
of each term in a box as:

V V diff A
dT
dt

T dV T QS��� ��� ��� � �� � � �

TEND ADV SU��� �� � ����� �����
u

RRF
���� (2)

These terms are calculated at each of the four shelf sites in a 0.2° × 0.3° box colocated with the mooring and 
satellite data. Median depths of each box are 27°S:264 m, 30°S:181 m, 34°S:164 m and 36°S:206 m.

3.  Results
3.1.  Sea Surface Temperature Trends

Spatial maps of satellite SST trends in the Tasman Sea/EAC region (Figure 1b) show significant temperature 
increases poleward of 30°S since 1991. These are initially confined along the coast, but poleward of 34°S 
temperature increases extend offshore into the Tasman Sea. The strongest warming, greater than 0.5°C/
decade, is along the coast between 32°S and 38°S, and also at 40°S to the east of Tasmania (Figure 1b). 
To explore trends over the continental shelf, we examine SST time series extracted from 0.2° × 0.3° boxes 
colocated with shelf mooring sites (colored boxes marked in Figure 1a). Here, we see the rate of warming 
increases with latitude. At 27°S and 30°S, the linear SST trends are 0.16 ± 0.03°C/decade and 0.23 ± 0.03°C/
decade, respectively, between 1991 and 2017. Downstream of the mean EAC separation point, at 34°S, 36°S, 
and 42°S, SST has increased at ∼0.5 ± 0.03°C/decade between 1991 and 2017 (Figure 1c).

The comprehensive shelf mooring array off southeast Australia allows a similar latitudinal analysis to be 
performed using in-situ shelf temperature observations. Despite the relatively shorter time series, gaps in the 
record, and assorted start dates and measurement depths of the shelf mooring sites (Table 1), correlations are 
high. Correlation coefficients between daily satellite SSTs (averaged over a 0.2° × 0.3° box around the moor-
ing location) and in-situ moored observations are 0.9 or greater at all sites. As the moored observations begin 
more recently than the other time series, they show stronger trends, due to warming accelerating over time.

Temperature trends calculated from the moored temperature observations follow the same broad pattern as 
the satellite SSTs. Poleward sites (34°S, 36°S, and 42°S) are warming at approximately two to three times the 
rate of the equatorward sites at 27°S and 30°S.

As with both the satellite SST and moored in-situ temperatures, depth-averaged shelf temperature trends 
from 1994 to 2016 from the EAC-ROMS model follow the same pattern where sites poleward of the EAC sep-
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aration point have warmed more than twice as fast as those equatorward of separation. At 27°S, the depth-av-
eraged warming rate is 0.07°/decade, at 30°S 0.12°/decade, at 34°S 0.37°/decade, and at 36°S 0.29°/decade. 
EAC-ROMS trends of temperature taken at 10 m depth are shown in Table 1 for comparison with satellite SST.

3.2.  Trends in Kinetic Energy

With previous work having linked warming in the Tasman Sea to an intensification of the EAC system (Hill 
et al., 2008), we now investigate changes in the mesoscale circulation as a possible driver of shelf water tem-
perature change over 25 years from 1993 to 2017. There are significant increases in sea level anomaly (SLA) 
throughout most of the domain (Figure 2a), with the largest increasing trends occurring in roughly circular 
structures in the western Tasman Sea at 35°S and 39°S.

Decomposing these sea level changes into MKE and EKE trends is revealing. EKE has increased significant-
ly (significance marked by cross hatching) downstream of the typical EAC separation point at 32°S. There is 
a small decrease in EKE at the offshore edge of the main EAC jet, but it is not significant (Figure 2b). There 
are increases in MKE along the full length of the EAC between 28°S and 36°S, which points to an increase 
in both the strength of the EAC jet itself, and EAC separation occurring progressively further poleward (in 
agreement with Cetina-Heredia et al.  (2014)). In EAC-ROMS, we see broad agreement with the satellite 
observations. The model shows a reduction in EKE in the EAC eastern extension and an increase in EKE in 
the EAC southern extension, south of separation (Figure S1).

Thus, while the main EAC jet is intensifying between 28°S and 34°S, the warming trends over the adjacent 
shelf are low (0.16–0.23°/decade, Figure 1c and Table 1). The region where shelf temperatures are warming 
the fastest (0.5 °/decade), i.e., south of 34°S, is where there are significant increases in EKE both offshore, 
and over the shelf. This is consistent with Cetina-Heredia et al. (2014) who showed an increase in eddy driv-
en poleward transport in the EAC system since 2010 and in line with modeled projections for an increase in 
the strength of the EAC's southern extension (Oliver & Holbrook, 2014).
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Figure 1.  (a) Schematic of East Australian Current system, with mooring site locations marked by colored stars, (b) decadal trend of satellite-derived SST 
where stippling indicates significance at 95% confidence interval, (c) time series of 2 years low-pass filtered satellite-derived SST and decadal linear trend 
at shelf mooring locations as shown by the colored boxes in (a) and (b): red 27°S, orange 30°S, green 34°S, blue 36°S, and purple 42°S. All trends in bold are 
significant for a 95% confidence interval. SST, sea surface temperatures.
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While the case for a stronger, more eddying EAC extension driving warming in the Tasman Sea broadly is 
relatively well established, the drivers of shelf temperature trends appear to be more nuanced. On the shelf, 
shallow bathymetry can limit the influence of large mesoscale eddies, and upwelling dynamics are complex 
(Roughan & Middleton 2002; Schaeffer et al., 2013). It is possible that the impact of the intensification of 
the EAC system on shelf temperatures between 28°S and 30°S could be reduced due to the EAC jet driving 
upslope bottom boundary layer transport, which has a cooling effect on the shelf (Archer et al., 2017). Con-
versely, poleward of separation the increase in eddy activity could result in increased cross-shelf transport 
of warm offshore water onto the shelf (Cetina-Heredia et al., 2019; Malan et al., 2020), thus driving the 
faster warming rate at 34°S and 36°S.

3.3.  Linkages Between Shelf Temperature and Kinetic Energy Trends

In order to understand the drivers of the observed warming gradient along the southeast Australian coast-
line, heat budget terms from the EAC-ROMS simulation are examined at each shelf box over the 22-year 
period. At 27°S, 30°S, 34°S, and 36°S, the depth-averaged terms are calculated over a 0.2° × 0.3° box, co-
located with the mooring and satellite SST time series (Figure  1b). As expected in a western boundary 
current system, at all sites advection warms the water column (positive dT/dt), while surface heat fluxes 
from ocean to atmosphere cool the water column (negative dT/dt). The mean advective heat flux is smallest 
at 27°S, where the EAC is at its most stable (standard error is also smallest). Advection driven heat fluxes 
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Figure 2.  Decadal trend (from 1993 to 2017) in (a) sea level anomaly, (b) mean kinetic energy, (c) Eddy kinetic energy, with anomalies extracted over colored 
boxes for (d) time series of eddy kinetic energy anomalies (5 years Hanning filter, seasonal cycle removed).
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increase poleward, nearly doubling at 34°S, in the EAC separation zone, 
before decreasing at 36°S. This advective heating is countered by the sur-
face heat flux from ocean to atmosphere. The surface heat flux trend is 
negative (i.e., more heat being transferred from ocean to atmosphere) at 
all sites, except for 30°S, where it is positive at 0.2°/decade, explaining the 
slight warming there despite a decrease in the advective heat flux. As the 
surface heat flux trend opposes the advective heat flux trend at all sites, it 
appears that advection is the main driver of these trends. It is considered 
unlikely that changes in surface heat flux could drive significant changes 
in advection in this kind of high energy western boundary current re-
gime. It should be noted that the advective heat flux in our shelf boxes 
has a high level of variability at all latitudes (greatest at 34°S) indicative 
of the variable nature of the EAC, as shown by the large 95% confidence 
interval error bars in Figure 3, while surface heat fluxes are less variable.

Investigating the warming trend over the two decades shows that trends 
in the temperature rate of change driven by advection are weak at 27°S 
and 30°S (upstream of the EAC separation), but increase downstream 
of the EAC separation to 0.44°/decade at 34°S and 0.34°/decade at 36°S 
(Figure 4). Thus, it would appear from both satellite observations and the 
model that an intensification of the mean flow of the EAC does not result 
in rapid warming of shelf waters, while an increase in eddy activity does. 
At the event scale, this increase in the advection of warm EAC water onto 
the shelf via an intensification of the eddying EAC southern extension 
has also been identified as a possible driver of marine heat-wave events 
(Oliver et al., 2017; Schaeffer & Roughan, 2017).

4.  Discussion and Conclusions
As the EAC system intensifies, the main EAC jet appears to be strength-
ening, while the southern extension is becoming more eddying. Using 

a satellite SST product, in-situ moored observations, and a regional ocean model, we have a shown there 
is a clear latitudinal gradient in ocean warming on the continental shelf. The presence of this latitudinal 
gradient is also visible in broader-scale trend maps of SST around Australia produced using different sat-
ellite data sets (Foster et al., 2014; Wijffels et al., 2018). Shelf waters poleward of where the EAC separates 
from the coast are warming at least twice the rate of those equatorward of the separation. This is associated 
with a strengthening in the main EAC jet upstream of the separation point and an increase in eddy activity 
downstream of separation. Thus, it would appear that poleward of separation, despite the complex cross-
shelf exchange dynamics, the increased advection of warmer EAC water onto the shelf is overriding local 
processes such as upwelling and leading to a regional warming trend.

The higher rate of warming which we observe at 34°S and 42°S, compared to an earlier study by Thompson 
et al. (2009), points toward an increase in the warming velocity at these sites which is consistent with global 
ocean warming trends (Cheng et al., 2019). However, the length of the mooring time series presented here 
do not allow us to test whether this acceleration is statistically robust. The ability of the EAC-ROMS model 
to simulate the nonuniform warming of the shelf waters also leads to confidence that the trends are being 
driven by system-scale processes, rather than, e.g., small-scale changes in local upwelling winds which are 
not fully resolved in the model.

The warming on the shelf in the eddying EAC southern extension is consistent with the increase in pole-
ward penetration of the EAC and its eddies (Cetina-Heredia et al., 2014) and a projected increase in eddy 
driven poleward heat transport (Oliver et  al.,  2015) likely driving marine heatwaves in the area (Oliver 
et al., 2017). An increase in warm EAC water has already been seen to extend the ocean “summer” by up to 
2 months at 36°S (Phillips et al., 2020), and is having negative consequences for foraging marine predators 
such as penguins (Carroll et al., 2016). In a global context, when compared to a global mean warming rate 
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Figure 3.  Time and area-averaged terms in the depth-averaged heat 
budget (advection and surface flux) calculated from EAC-ROMS output 
over the shelf at 27°S, 30°S, 34°S, and 36°S, period 1994–2016. Error bars 
represent 95% confidence intervals. EAC-ROMS, East Australian Current-
Regional Ocean Modeling System.
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of 0.12°/decade from 1995 to 2015 (Hausfather et al., 2017), the warming we observe at 27°S is close to the 
global average, while the shelf warming poleward of separation in the EAC system is more than four times 
the global average.

Due to the large-scale forcing mechanism, we believe that the pattern of nonuniform warming may be com-
mon to other coastal regions impacted by western boundary current systems. The shelf temperature trends 
we observe in the EAC system are consistent with those observed inshore of the Gulf Stream (Shearman & 
Lentz, 2010). They ascribe the difference in trends up and downstream of separation, as we have in the EAC, 
to changes in along-shelf heat advection, rather than atmospheric changes. Our results support the need 
for a whole of systems approach to observing and modeling boundary currents along both the length of the 
system and from the coast to the deep ocean.

Shelf waters and continental margins make up a large part of the primary production and fisheries output in 
the global ocean (Schmidt et al., 2020). However, most studies on the biological impact of a warming ocean 
(e.g., Free et al., 2019; Jacox et al., 2020; Ramírez et al., 2017; Vergés et al., 2014) take trends from data sets 
too coarse to resolve either shelf trends (Baumann & Doherty, 2013) or extreme events (Pilo et al., 2019). 
This is especially true in western boundary systems where (cross-shelf) spatial scales are small. This has 
led to the assumption that warming in western boundary current systems is homogeneous, rather than the 
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Figure 4.  Time series of 2 years low-pass filtered daily area-averaged heat budget terms from EAC-ROMS for shelf boxes at 27°S, 30°S, 34°S, and 36°S. Decadal 
trends for depth-averaged temperature and heat advection are shown for each box. EAC-ROMS, East Australian Current-Regional Ocean Modeling System.
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more nuanced, nonuniform trends shown here. This results in a possible overestimation of shelf warming 
trends in some areas and underestimation in others. As such, spatially resolved studies of warming adjacent 
to WBCs will enhance our ability to understand the evolution of shelf ecosystems under a warming climate.
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