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Key Points:6

• Temperature trends on a western boundary shelf are 2x greater poleward of the7

separation point than equatorward of the separation point.8

• Equatorward of the separation point, mean kinetic energy increases, while pole-9

ward (downstream) eddy kinetic energy increases.10

• This latitudinal difference in warming is driven by increased eddy driven heat ad-11

vection onto the shelf downstream of the separation point.12
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Abstract13

Western boundary currents (WBCs) have intensified and become more eddying in re-14

cent decades due to the spin-up of the ocean gyres, resulting in warmer open ocean tem-15

peratures. However, relatively little is known of how WBC intensification will affect tem-16

peratures in adjacent continental shelf waters where societal impact is greatest. We use17

the well-observed East Australian Current (EAC) to investigate WBC warming impacts18

on shelf waters and show that temperature increases are non-uniform in shelf waters along19

the latitudinal extent of the EAC. Shelf waters poleward of 32◦S, are warming more than20

twice as fast as those equatorward of 32◦S. We show that non-uniform shelf tempera-21

ture trends are driven by an increase in lateral heat advection poleward of the WBC sep-22

aration, along Australia’s most populous coastline. The large scale nature of the pro-23

cess indicates that this is applicable to WBCs broadly, with far-reaching biological im-24

plications.25

Plain Language Summary26

As the circulation in ocean basins intensifies, it causes changes in the currents on27

their western boundaries which carries heat towards the poles. While we know that this28

causes warming in the open ocean, knowledge of how these changes affect coastal and29

shelf regions is limited. Here we use a suite of different observations and an ocean model30

to show that, off the coast of southeastern Australia, the coastal ocean is warming two31

or three times faster in areas poleward of where the East Australian Current separates32

from the coast than where the East Australia Current remains close to the coast. This33

is due to the shelf waters poleward of where the current separates from the coast receiv-34

ing an increase in the amount of warm water being pushed onto them as the southern35

outflow of the East Australia Current becomes more turbulent and eddying. This warm-36

ing is driven by large scale changes in wind patterns, and so is likely to be common to37

other similar current systems. As coastal ecosystems are the most productive, we expect38

this non-uniform warming to have a widespread biological impact.39

1 Introduction40

1.1 Global gyre spin-up and impacts41

Globally, oceanic kinetic energy has been increasing since the early 1990’s (S. Hu42

et al., 2020), and the subtropical gyres, which act via their western boundary currents43

as the major driver of poleward heat, have intensified, extended poleward, (Yang et al.,44

2015, 2020) and warmed (Wu et al., 2012). However, western boundary currents are highly45

non-linear systems, and their response to the spin up of the subtropical gyres is not com-46

pletely understood (Imawaki et al., 2013; Beal & Elipot, 2016; Hutchinson et al., 2018).47

Furthermore, understanding changes in the interaction between western boundary cur-48

rents and shelf waters is challenging, due to fine temporal and spatial scales and the en-49

ergetic nature of the interactions. Thus, while there are several studies on warming within50

western boundary current extensions in the blue ocean (Wu et al., 2012; Williams, 2012;51

Chen et al., 2014), there is little understanding of how continental shelf waters inshore52

of western boundary currents are responding to subtropical gyre intensification. This is53

partly due to a lack of suitable long-term observations (Shearman & Lentz, 2010) and54

the uncertainty in using satellite and reanalyses products close to the coast in areas of55

strong velocity and temperature gradients.56

1.2 South Pacific gyre spin up and impacts57

In response to the intensification of the south pacific gyre circulation, the East Aus-58

tralian Current (EAC) extension region has been warming at two to three times the global59

average since the early 1990s (D. Hu et al., 2015; Qu et al., 2019). However, with most60
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attention on changes in the separation latitude and the nature of eddies in the EAC ex-61

tension region (Cetina-Heredia et al., 2014; Oliver & Holbrook, 2014; Rykova & Oke, 2015),62

there has been little investigation into whether the effect of the spin up on the EAC is63

homogeneous. Of the many studies that have investigated a system-wide temperature64

response to climate change, they mostly have global to basin-scale focus (Wu et al., 2012;65

Oliver & Holbrook, 2014; Bowen et al., 2017; Duran et al., 2020; Bull et al., 2020) with66

little investigation into latitudinal dependence. A knowledge of this latitudinal depen-67

dence is particularly important considering the societal benefit derived from coastal and68

shelf waters particularly fisheries (Suthers et al., 2011), the large range of dynamical regimes,69

and the tropicalisation of ecosystems (Vergés et al., 2014; Messer et al., 2020) occurring70

in WBCs, e.g in the EAC between 26◦S and 40◦S.71

1.3 EAC shelf temperature trends72

Previous studies of temperature trends in the EAC cover a very limited latitudi-73

nal range. Thompson et al. (2009), using historical in-situ surface data found a coastal74

temperature trend of 0.7◦C per century at Port Hacking (34◦S) and 2◦C per century at75

Maria Island (42◦S). The warming trend at Maria Island has been attributed to changes76

to basin-scale wind forcing, and thus intensification of the EAC (Hill et al., 2008). Later77

work using coupled climate models suggest the much of this intensification may in fact78

be driven by regional changes in wind stress curl (Bull et al., 2020). Thus, there appears79

to be a link between the intensification of the subtropical gyre circulation and increas-80

ing temperature trends on the continental shelf. However, this is based on one observa-81

tional site at 42◦S (Hill et al., 2008; Shears & Bowen, 2017), at the southern most ex-82

tent of the EAC extension far from the influence of the EAC jet itself. Moreover, there83

is little knowledge of the response of the EAC shelf system along its latitudinal range84

(greater than 2000 km) to the intensification of the EAC.85

1.4 Approach86

Previous work looking at changes in coastal latitudinal temperature gradients (Baumann87

& Doherty, 2013) uses gridded temperature data which is too coarse to resolve western88

boundary shelf systems, where length scales are 10-40km (Schaeffer et al., 2016). In the89

East Australian Current (EAC), the Integrated Marine Observing System has maintained90

an array of shelf moorings since 2008, along the length of the EAC, from 27◦S to 42◦S.91

Here we use this long-term of in-situ temperature observations, long-term satellite de-92

rived datasets and a multi-decadal regional ocean model simulation to investigate the93

nature of change in the EAC system from 1993 to 2020. We focus on how large scale changes94

in the dynamics affect temperatures in continental shelf waters between (26◦S) and (42◦S).95

Whilst no single dataset can fully represent the state of this narrow (< 50km) stretch96

of shelf water between the dynamic western boundary current and the coast, the inte-97

gration of these different methods allows a robust view of changes in the system.98

2 Data and Methods99

2.1 Satellite sea surface temperature100

Satellite derived foundation sea surface temperatures (SST) are obtained from the101

Group for High Resolution Sea Surface Temperature (GHRSST) Level 4 SST analysis102

produced at the Canadian Meteorological Center. This dataset merges infrared satel-103

lite SST at varying points in the timeseries from the ATSR series of radiometers from104

ERS-1, ERS-2 and Envisat, AVHRR from NOAA-16,17,18,19 and METOP-A, and mi-105

crowave data from TMI, AMSR-E and Windsat in conjunction with in-situ observations106

of SST from ships and drifting buoys. This product performs well when compared to other107

long-term gridded SST analyses (Fiedler et al., 2019), while still retaining sufficient res-108
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olution for use on the shelf. Temperature timeseries for shelf waters are extracted by av-109

eraging satellite SST over a 0.2◦ x 0.3◦ box around the shelf mooring locations shown110

in Table 1. SST trends are calculated from a linear regression of the annual means (from111

1993-2017) after the climatological season cycle was removed. Significance is calculated112

at a 95% confidence interval using the Wald Test with t-distribution of the test statis-113

tic.114

Figure 1. a) Schematic of East Australian Current system, with mooring site shelf boxes

marked in colour, b) Decadal trend of satellite derived SST where stippling indicates significance

at 95% confidence interval, c) Timeseries of 2 year low-pass filtered satellite derived SST and

decadal linear trend at shelf mooring locations as shown by the coloured boxes in a) and b): red

27◦S, orange 30◦S, green 34◦S, blue 36◦S and purple 42◦S.

2.2 In situ temperature observations115

To evaluate whether the trends derived from satellite SST are an appropriate rep-116

resentation of changes in temperatures along the shelf, we compare them with near-surface117

in-situ temperature observations from shelf moorings. Data are obtained from the In-118

tegrated Marine Observing System (IMOS) Australian National Mooring Network who119

maintain moorings at 27◦S, 30◦S, 34◦S, 36◦S and 42◦S. The moored temperature data120

records are at least a decade long, with the earliest record used here starting in 2008.121

Temporal sampling is 5 min to hourly since commencement, with ‘near-surface’ records122

ranging 12-23m below the surface in water depths of 63-140m (see Table 1). Hence they123

are extremely useful for validating the long-term shelf temperature trends observed by124

satellite over a large latitudinal range (∼ 1600km).125

2.3 Eddy and mean kinetic energy126

Sea surface height observations and derived geostrophic velocities (u and v) were127

obtained from the satellite altimetry product distributed by IMOS (accessed at portal.aodn.org.au).128

This product merges satellite altimetry with sea level elevation measurements from coastal129

tide gauges (Deng et al., 2011) with a spatial resolution of 0.2◦. The eddy and mean130

kinetic energy (EKE and MKE, shown in Fig. 2) were calculated for the period 1993 to131

2017. EKE is defined as (u′2+v′2)/2, where u′ = u− ū and v′ = v− v̄ ; ū and v̄ being132
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the annual mean for each individual year. MKE is defined as (ū2 + v̄2)/2. The time-133

series for EKE are extracted from boxes 0.5◦ x 0.5◦, which are larger than for SST, due134

to the lower resolution of the altimetry. Trends and statistical significance are calculated135

as detailed for SST above.136

Table 1. Metadata for the in situ temperature observations obtained at the shelf mooring sites

along southeastern Australia (Latitude (◦S), mooring depth (m) and sensor depth (m), start date

through to present, percentage data coverage for each moored temperature record). Also shown

are the correlations between the moored temperature data and satellite SST, the temperature

trend at each location, where trend is the decadal trend from the start of the time series until the

end of 2019, and the 10m depth temperature trend from EAC-ROMS for the period 1994-2016.

Latitude Mooring Sensor Start date Data Corr. with Trend EAC-ROMS
(◦S) depth depth coverage SST start-2019 trend

[m] [m] [%] [◦C/decade] [◦C/decade]

27.34 63 20 2010-12-13 92 0.90 0.1 0.06
30.27 100 12 2010-02-20 97 0.92 0.5 -0.04
34.00 140 23 2008-06-25 83 0.90 0.9 0.46
36.22 120 19 2011-03-29 82 0.93 1.6 0.61
42.60 90 20 2008-04-08 95 0.98 1.4 N/A

2.4 Heat Budget137

A regional hydrodynamic model of the EAC system (EAC-ROMS) (Kerry & Roughan,138

2020a, 2020b) is used to further our understanding of the drivers of temperature on the139

shelf adjacent to the EAC. The model uses the Regional Ocean Modelling System (ROMS)140

and the configuration has been used in previous studies of the EAC system (Kerry et141

al., 2016; Rocha et al., 2019; Kerry & Roughan, 2020a; Kerry et al., 2020; Schilling et142

al., 2020; Phillips et al., 2020). The domain extends from 25.3◦S to to 38.5◦S, and from143

the coast to ∼1000km offshore. The grid is rotated 20◦ clockwise so as to be aligned with144

the shelf edge. Spatial resolution is 5km in the along-shelf direction and 2.5km in the145

cross-shelf direction, giving a good representation of the hydrodynamics of the shelf wa-146

ters inshore of the EAC. The model runs from 1994 to 2016. Full details of the model147

set up and validation can be found in Kerry et al. (2016); Kerry and Roughan (2020a),148

for validation of temperature trends, please see supplementary material. EAC-ROMS149

provides a dynamically consistent high resolution framework with which to assess the150

varied contributions of lateral advection of heat and surface heat flux to temperature changes151

in shelf waters.152

We investigate the heat budget in EAC-ROMS to assess changes in both atmospheric153

forcing and oceanic heat advection in shelf waters following previous studies (Zaba et154

al., 2020; Tamsitt et al., 2016; Colas et al., 2012). The depth-averaged shelf heat bud-155

get can be simplified to:156

dT

dt
= ADV + Qs (1)157

Where the temperature tendency dT
dt (from here on referred to as TEND) is a function158

of the lateral heat transport (ADV - from advection plus a small contribution from hor-159

izontal diffusion and mixing) and the flux of heat between ocean and atmosphere (Qs,160

referred to as SURF). Use of the online diagnostic terms in the model enables the bud-161

get to close, as by design the model satisfies the heat conservation equations. Temper-162

ature tendency can be represented for volume V as the spatially and depth integrated163
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rate of change of each term in a box as:164 ∫∫∫
V

dT

dt︸ ︷︷ ︸
TEND

=

∫∫∫
V

(u · ∇T )dV + Tdiff︸ ︷︷ ︸
ADV

+

∫∫
A

Qs︸ ︷︷ ︸
SURF

(2)165

These terms are calculated at each of the four shelf sites in a 0.2◦ x 0.3◦ box co-located166

with the mooring and satellite data.167

3 Results168

3.1 Sea surface temperature trends169

Spatial maps of satellite SST trends in the Tasman Sea/EAC region (Fig. 1b) show170

significant temperature increases poleward of 30◦S since 1991. These are initially con-171

fined along the coast, but poleward of 34◦S temperature increases extend offshore into172

the Tasman Sea. The strongest warming, approaching 1◦C/decade is along the coast be-173

tween 32◦S and 38◦S, and also at 40◦S to the east of Tasmania (Fig. 1b). To explore trends174

over the continental shelf, we examine SST timeseries extracted from 0.2◦ x 0.3◦ boxes175

co-located with shelf mooring sites (coloured boxes marked on Fig 1a). Here we see the176

rate of warming increases with latitude. At 27◦S and 30◦S, the linear SST trends are 0.16◦C/decade177

and 0.23◦C/decade respectively, between 1991 and 2017. Downstream of the mean EAC178

separation point, at 34◦S, 36◦S and 42◦S, SST has warmed at approximately 0.5◦C/decade179

between 1991 and 2017 (Fig. 1c).180

The comprehensive shelf mooring array off southeast Australia allows a similar lat-181

itudinal analysis to be performed using in-situ shelf temperature observations. Despite182

the relatively shorter timeseries, gaps in the record, and assorted start dates and mea-183

surement depths of the shelf mooring sites (Table 1), correlations are high. Correlation184

coefficients between daily satellite SSTs (averaged over a 0.2◦ x 0.3◦ box around the moor-185

ing location) and in-situ moored observations are 0.9 or greater at all sites. As the moored186

observations begin more recently than the other timeseries, they show stronger trends,187

due to warming accelerating over time.188

Temperature trends calculated from the moored temperature observations follow189

the same broad pattern as the satellite SSTs. Poleward sites (34◦S, 36◦S and 42◦S) are190

warming at approximately two to three times the rate of the equatorward sites at 27◦S191

and 30◦S.192

As with both the satellite SST and moored in-situ temperatures, depth-averaged193

shelf temperature trends from 1994-2016 from the EAC-ROMS model follow the same194

pattern where sites poleward of the EAC separation point have warmed more than twice195

as fast as those equatorward of separation. At 27◦S the depth averaged warming rate196

is 0.07◦/decade, at 30◦S 0.12◦/decade, at 34◦S 0.37◦/decade and at 36◦S 0.29◦/decade.197

EAC-ROMS trends of temperature taken at 10m depth are shown in Table 1 for com-198

parison with satellite SST.199

3.2 Trends in kinetic energy200

With previous work having linked warming in the Tasman Sea to an intensifica-201

tion of the EAC system (Hill et al., 2008), we now investigate changes in the mesoscale202

circulation as a possible driver of shelf water temperature change over 25 years from 1993-203

2017. There are significant increases in sea level anomaly (SLA) throughout most of the204

domain (Fig 2a), with the largest increasing trends occurring in roughly circular struc-205

tures in the western Tasman Sea at 35◦S and 39◦S.206

Decomposing these sea level changes into MKE and EKE trends is revealing. EKE207

has increased significantly (significance marked by cross hatching) downstream of the208
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Figure 2. Decadal trend (from 1993 to 2017) in (a) Sea level Anomaly, (b) Mean kinetic en-

ergy, c) Eddy kinetic energy, with anomalies extracted over coloured boxes for d) timeseries of

eddy kinetic energy anomalies (5 year Hanning filter, seasonal cycle removed).

typical EAC separation point at 32◦S. There is a small decrease in EKE at the offshore209

edge of the main EAC jet, but it is not significant (Fig 2b). There are increases in MKE210

along the full length of the EAC between 28◦S and 36◦S, which points to an increase in211

both the strength of the EAC jet itself, and EAC separation occurring progressively fur-212

ther poleward (in agreement with Cetina-Heredia et al. (2014)). In EAC-ROMS we see213

broad agreement with the satellite observations. The model shows a reduction in EKE214

in the EAC eastern extension and an increase in EKE in the EAC southern extension,215

south of separation (Fig. S2).216

Thus, while the main EAC jet is intensifying between 28◦S and 34◦S, the warm-217

ing trends over the adjacent shelf are low (0.16-0.23◦/decade, Fig. 1c, Table 1). The re-218

gion where shelf temperatures are warming the fastest (0.5 ◦/decade), i.e. south of 34◦S,219

is where there are significant increases in EKE both offshore, and over the shelf. This220

is consistent with Cetina-Heredia et al. (2014) who showed an increase in eddy driven221

poleward transport in the EAC system since 2010 and in line with modelled projections222

for an increase in the strength of the EAC’s southern extension (Oliver & Holbrook, 2014).223

While the case for a stronger, more eddying EAC extension driving warming in the224

Tasman Sea broadly is relatively well established, the drivers of shelf temperature trends225

appear to be more nuanced. On the shelf, shallow bathymetry can limit the influence226

of large mesoscale eddies, and upwelling dynamics are complex (Roughan & Middleton,227

2002; Schaeffer et al., 2013). It is possible that the strong vorticity gradient associated228

with the EAC jet equatorward of separation is reducing the impact of the intensifica-229

tion of the EAC system on shelf temperatures between 28◦S and 30◦S as these shelf wa-230
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ter are already strongly influenced by the EAC (Archer et al., 2017). Conversely, pole-231

ward of separation the increase in eddy activity could result in increased cross-shelf trans-232

port of warm offshore water onto the shelf (Malan et al., 2020; Cetina-Heredia et al., 2019),233

thus driving the faster warming rate at 34◦S and 36◦S.234

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.

3.3 Linkages between shelf temperature and kinetic energy trends235

In order to understand the drivers of the observed warming gradient along the south-236

east Australian coastline, heat budget terms from the EAC-ROMS simulation are ex-237

amined at each shelf box over the 22 year period. At 27◦S, 30◦S, 34◦S and 36◦S, the depth-238

averaged terms are calculated over a 0.2◦ x 0.3◦ box, co-located with the mooring and239

satellite SST timeseries (Fig 1b). As expected in a western boundary current system,240

at all sites advection warms the water column (positive dT/dt), whilst surface heat fluxes241

from ocean to atmosphere cool the water column (negative dT/dt). The mean advec-242

tive heat flux is smallest at 27◦S, where the EAC is at its most stable (standard error243

is also smallest). Advection driven heat fluxes increase poleward, nearly doubling at 34◦S,244

in the EAC separation zone, before decreasing at 36◦S. This advective heating is coun-245

tered by the surface heat flux from ocean to atmosphere. It should be noted that the ad-246

vective heat flux in our shelf boxes has a high level of variability at all latitudes (great-247

est at 34◦S) indicative of the variable nature of the EAC, as shown by the large 95% con-248

fidence interval error bars in Fig. 3, while surface heat fluxes are less variable.249

Investigating the warming trend over the two decades shows that trends in the tem-250

perature rate of change driven by advection are weak at 27◦S and 30◦S (upstream of the251

EAC separation), but increase downstream of the EAC separation to 0.44◦/decade at252

34◦S and 0.34◦/decade at 36◦S (Fig. 4). Thus it would appear from both satellite ob-253

servations and the model that an intensification of the mean flow of the EAC does not254

result in rapid warming of shelf waters, while an increase in eddy activity does. At the255

event scale, this increase in the advection of warm EAC water onto the shelf via an in-256
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Figure 4. Timeseries of mean of 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.

tensification of the eddying EAC southern extension has also been identified as a pos-257

sible driver of marine heat-wave events (Oliver et al., 2017; Schaeffer & Roughan, 2017).258

4 Discussion and Conclusions259

As the EAC system intensifies, the main EAC jet appears to be strengthening, while260

the southern extension is becoming more eddying. Using a satellite SST product, in-situ261

moored observations, and a regional ocean model, we have a shown there is a clear lat-262

itudinal gradient in ocean warming on the continental shelf. Shelf waters poleward of263

where the EAC separates from the coast are warming at at least twice the rate of those264

equatorward of the separation. This is associated with a strengthening in the main EAC265

jet upstream of the separation point and an increase in eddy activity downstream of sep-266

aration. Thus, it would appear that poleward of separation, despite the complex cross-267

shelf exchange dynamics, the increased advection of warmer EAC water onto the shelf268

is over-riding local processes such as upwelling and leading to a regional warming trend.269

The higher rate of warming which we observe at 34◦ and 42◦, compared to an ear-270

lier study by Thompson et al. (2009), points towards an increase in the warming veloc-271

ity at these sites which is consistent with global ocean warming trends (Cheng et al., 2019).272

The ability of the EAC-ROMS model to simulate the non-uniform warming of the shelf273
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waters also lends confidence to the trends being driven by system-scale processes, rather274

than, for example, small-scale changes in local upwelling winds.275

The warming on the shelf in the eddying EAC southern extension is consistent with276

the increase in poleward penetration of the EAC and its eddies (Cetina-Heredia et al.,277

2014) and a projected increase in eddy driven poleward heat transport (Oliver et al., 2015)278

likely driving marine heatwaves in the area (Oliver et al., 2017) . An increase in warm279

EAC water has already been seen to extend the ocean ‘summer’ by up to two months280

at 36◦S (Phillips et al., 2020), and is having negative consequences for foraging marine281

predators such as penguins (Carroll et al., 2016). In a global context, when compared282

to a global mean warming rate of 0.12◦/decade from 1995-2015 (Hausfather et al., 2017),283

the warming we observe at 27◦S is close to the global average, while the shelf warming284

poleward of separation in the EAC System is more than four times the global average.285

Due to the large scale forcing mechanism, we believe that the pattern of non-uniform286

warming may be common to other coastal regions impacted by western boundary cur-287

rent systems. The shelf temperature trends we observe in the EAC system are consis-288

tent with those observed inshore of the Gulf Stream (Shearman & Lentz, 2010). They289

ascribe the difference in trends up and downstream of separation, as we have in the EAC,290

to changes in along shelf heat advection, rather than atmospheric changes. Our results291

support the need for a whole of systems approach to observing and modelling bound-292

ary currents along both the length of the system and from the coast to the deep ocean.293

Shelf waters and continental margins make up a large part of the primary produc-294

tion and fisheries output in the global ocean (Schmidt et al., 2020). However, most stud-295

ies on the biological impact of a warming ocean (e.g. Vergés et al. (2014); Ramı́rez et296

al. (2017); Free et al. (2019); Jacox et al. (2020)) take trends from datasets too coarse297

to resolve either shelf trends (Baumann & Doherty, 2013), or extreme events (Pilo et al.,298

2019). This is especially true in western boundary systems where (cross shelf) spatial299

scales are small. This has led to the assumption that warming in western boundary cur-300

rent systems is homogeneous, rather than the more nuanced, non-uniform trends shown301

here. This results in a possible over-estimation of shelf warming trends in some areas and302

under-estimation in others. As such, spatially resolved studies of warming adjacent to303

WBCs will enhance our ability to understand the evolution of shelf ecosystems under304

a warming climate.305
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