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Changes to the subtropical western boundary currents (WBCs, 
the western branch of the subtropical ocean gyres1) are driving 
a redistribution of heat globally, resulting in many changes, 

for example to local weather patterns, including rainfall2, ocean 
carbon uptake3 and marine heatwaves4. The changes occurring in 
the WBCs have been investigated in the Northern Hemisphere5–7 
and several studies have also focused on the changes in the WBCs 
of the Southern Hemisphere (SH)1,8,9. The three major subtropi-
cal WBCs of the SH are the Agulhas Current (AC) in the Indian 
Ocean, the East Australian Current (EAC) in the Pacific Ocean 
and the Brazil Current (BC) in the Atlantic Ocean, which are con-
nected by the SH super gyre10. Over recent decades, surface ocean 
warming rates along the path of the SH WBCs have been shown 
to be two to three times greater than the global mean6. However, 
while it has been shown that the warming trends are non-uniform 
in the WBCs11, the mechanisms driving the non-uniform warming 
trends are still under strong debate. For example, early study6, pri-
marily based on reanalysis data, proposed that the enhanced warm-
ing is probably driven by intensifying and/or poleward shifting of 
the WBCs, while multimodel (mostly coarse resolution) ensemble 
simulations suggest that the WBCs are both intensifying and shift-
ing poleward under global warming7. Interestingly, in situ and sat-
ellite altimeter measurements over the Indian Ocean indicate that 
the AC is broadening as a result of more eddy activity12. The SH 
WBCs interact strongly with the Antarctic Circumpolar Current 
(ACC) and its associated circumpolar fronts without any inhibition 
by land south of the subtropical ocean gyres, especially in the AC 
and BC13. The convergence of warm and cold water at the southern 
boundary of the SH WBCs creates strong gradients in water proper-
ties, where biological productivity and the exchange of gasses and 
heat are enhanced14. Hence, investigating the ocean warming in the 
SH WBCs is crucial for understanding changes to global ocean heat 
transport and marine ecosystem.

The Southern Annular Mode (SAM), defined as the difference 
in the zonal mean sea level pressure between 40∘ S and 65∘ S (ref. 15), 
is the leading mode of extratropical climate variability in the SH16 
that describes the (non-seasonal) north–south movement of the 
high-latitude westerly winds. The positive SAM phase is associated 

with a poleward shift in the high-latitude westerly winds17,18. Due 
to Antarctic stratospheric ozone depletion and increasing CO2, 
the SAM has displayed positive trends over the recent decades19,20, 
contributing to the spin-up of SH super gyres21. The SH subtropi-
cal gyres are primarily driven by basin-scale positive wind stress 
curl1,18,22. In response to global warming, the extratropical atmo-
spheric surface winds have shifted toward higher latitudes and 
driven the poleward shift of the major ocean gyres7,23. The interan-
nual variability in the EAC volume transport is tied to the SAM24; 
however, we know little about the impact of positive SAM trends on 
the transport trends of the SH WBCs.

Eddies are the weather systems of the ocean and WBC exten-
sions are among the most eddy-rich regions of the planet with high 
eddy kinetic energy (EKE), showing a notable increase in meso-
scale variability of 2–5% per decade11. In the SH, the poleward shift 
of the WBCs has increased the EKE trends in the Agulhas leak-
age25,26, the EAC southern extension27,28 and the Brazil–Malvinas 
Confluence (BMC)29. In the EAC, it has been shown that the EKE 
trends are non-uniform along the path of EAC, corresponding to 
non-uniform trends in sea surface temperature (SST)27 and ocean 
heat content28. Examining the mechanism responsible for the 
non-uniform EKE trends may be beneficial to understand what 
drives the warming trends in the SH WBC extensions; however,  
to date, it remains unresolved.

In this study, we first show the non-uniform trends of SST and 
EKE in the SH using the latest 28-yr (1993–2020) satellite observa-
tions. Then, we uncover the dynamical mechanism responsible for 
the increasing EKE trends in the SH WBCs from a high-resolution 
ocean reanalysis. Finally, we explore the drivers of the poleward 
shift of the SH WBCs. In this way, we demonstrate the link from 
changes in the SH wind fields (positive SAM trends) to a poleward 
shift in the southern boundary of the subtropical ocean gyres, 
increased heat transport and eddy activity driven ocean warming in 
the WBC extensions.

Ocean warming trends are related to eddy activity
Over the past three decades, the SST observations show statisti-
cally significant warming trends across the entire SH north of 60∘ S 
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(except the tropical southeast Pacific Ocean and south of the BMC) 
(Fig. 1a), implying that the global ocean has experienced notable 
warming with a proportion of that attributed to anthropogenic cli-
mate change. The largest warming trends can be observed in the 
WBC extension regions, particularly in the Agulhas Retroflection 
regions, the EAC southern extension and the BMC regions. We also 
find elevated sea surface height (SSH) trends over the entire SH 
(Fig. 1b)21, except in the high-latitude central Pacific Ocean (50∘ S to 
60∘ S). Consistent with the SST trends, the rates of sea level rise are 
higher than the mean in the Agulhas Retroflection regions, the EAC 
southern extension and the BMC regions and the statistically sig-
nificant positive EKE trends in these regions are also much higher 
than the other regions (Fig. 1c).

To resolve the dynamical connection between ocean warming 
and mesoscale eddy activity in the SH WBCs, we first show the 
observed spatial patterns of surface mean kinetic energy (MKE), 
EKE and SST in these regions. Strong, energetic, narrow and fast 
WBCs transport warm waters poleward along the western bound-
ary of the three ocean basins (Extended Data Figs. 1a–c and 2a–c). 

Large anticyclonic eddies trap warm water as they shed from the 
main WBC jets and propagate further southwestward30–33 while 
the WBCs separate from the coast turning eastward. The poleward 
penetration of eddies results in high EKE and enhanced ocean 
warming in the WBC extensions (Fig. 2a–c and Extended Data 
Fig. 1g–i).

We demonstrate that changes in SST and EKE along the path 
of the three SH WBCs are non-uniform, as shown in the satel-
lite observations (Fig. 1a). We find the largest positive SST trends 
in their downstream extensions (Fig. 2a–c). Consistent with SST, 
non-uniform EKE trends are also observed in the WBCs, with the 
largest increasing EKE trends in the WBC extensions but with only 
weak positive EKE trends in the upstream WBC jets (Fig. 2d–f). We 
even find significant negative EKE trends upstream of the EAC typi-
cal separation region (Fig. 2e), where EKE is the strongest (Extended 
Data Fig. 1h), indicating a decrease in eddy activity in this region28. 
The non-uniform trends of SST and EKE are concomitant in  
the WBC extensions, implying that the ocean warming trends are 
associated with the increasing mesoscale eddy activity.
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Fig. 1 | Linear SST, SSH and surface EKE trends from observations in the SH. a, Spatial distribution of SST trends between 1993 and 2020. b,c, Same as  
a but for the SSH (b) and EKE (c). The grey stippling indicates that the trends are statistically significant above the 95% confidence level.
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Fig. 2 | Linear SST, surface EKE, KmKe and PeKe trends in the SH WBCs. a, Spatial distribution of observed SST trends between 1993 and 2020 in the AC 
system. The black line indicates the 0.9 m contour of climatological mean SSH (1993–2020) from AVISO. b,c, Same as a but for the EAC (b) and BC (c), 
except the black line in c indicates the 0.6 m contour of climatological mean SSH from AVISO. d–f, Same as a–c but for the observed EKE trends. g–l, Same 
as a–c but for the trends of barotropic (KmKe) (g–i) and baroclinic (PeKe) (j–l) energy conversion from BRAN over the upper 1,000 m, respectively. In all 
panels, the grey stippling indicates that the trends are statistically significant above the 95% confidence level.
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Now, we examine what physical processes are responsible for the 
EKE sources and their changes in the SH WBCs. Barotropic insta-
bilities result from horizontal shear in the WBC jet, feeding eddy 
growth by extracting kinetic energy from the unstable mean-flow 
field (KmKe)34. However, baroclinic instabilities are associated with 
the vertical shear, proportional to the horizontal temperature gradi-
ent, facilitating eddy growth by drawing energy from the eddy avail-
able potential energy (PeKe)34. Therefore, the stability of the mean 
flow and the horizontal temperature gradient become the key fac-
tors that impact EKE variability in the WBCs and their extensions, 
to varying degrees depending on the particular WBC.

To further elucidate the physical mechanisms responsible for 
the increasing EKE trends in the WBC extensions, we examine 
the primary sources of EKE from an eddy-resolving (10 km reso-
lution) and data-assimilating ocean reanalysis BRAN35. We choose 
this product because it represents the SH WBCs well and resolves 
mesoscale eddies with similar spatial distributions of surface MKE 
(Extended Data Fig. 1a–f) and EKE (Extended Data Fig. 1g–l) in the 
SH WBCs compared to observations, which are crucial components 
of the global heat transport36. The surface energy of the WBCs and 

mesoscale eddies in the high-resolution reanalysis agree well with 
the satellite observations (Extended Data Fig. 1), giving us the con-
fidence to use the eddy-resolving reanalysis to calculate the energy 
conversion terms (KmKe and PeKe) in the WBC systems.

In the core of the AC jet, we find strong positive energy conver-
sion from MKE to EKE through barotropic instabilities of the mean 
flow (KmKe) (Extended Data Fig. 3a) and weak energy conversion 
from eddy available potential energy to EKE due to baroclinic insta-
bilities (PeKe) (Extended Data Fig. 3d). To the west of the Agulhas 
Retroflection regions, although baroclinic instabilities contribute 
to the EKE variability, barotropic instabilities (KmKe) dominate 
the energy conversion (Extended Data Fig. 3a,d), consistent with 
previous studies37,38. Strong KmKe indicates that the mean flow is 
unstable and transfers the kinetic energy to the eddy field in these 
regions, where the strong temperature gradients (Extended Data 
Fig. 2d) also lead to the large PeKe and contribute to the energy 
conversion from eddy available potential energy to EKE (Extended 
Data Fig. 3d). These energy conversion terms are also showing 
changes. The spatial distributions of trends in KmKe and PeKe indi-
cate that the increasing EKE trends are mainly sourced from the 
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baroclinic instabilities (Fig. 2g,j) west of the Agulhas Retroflection 
regions, which are associated with the positive trends of tempera-
ture gradients (Extended Data Fig. 2g).

In the South Pacific Ocean, eddy generation in the EAC sepa-
ration region is dominated by barotropic instabilities (Extended 
Data Fig. 3b)39. The highest EKE and KmKe are located north of 
35∘ S (Extended Data Figs. 1h,k and 3b), whereas there is a pole-
ward shift of the locations in the strongest trends of EKE and KmKe 
(Fig. 2e,h), implying that more eddies are forming further south. 
Without strong temperature gradients, the energy conversion from 
eddy available potential energy to EKE through the baroclinic 
instabilities is relatively weak in the EAC typical separation region 
(Extended Data Fig. 3e) but we find significant increasing trends of 
the baroclinic energy conversion and temperature gradients further 
downstream in the EAC southern extension, particularly closer to 
the coast (Fig. 2k and Extended Data Fig. 2h).

In contrast, baroclinic instabilities dominate the variability of 
EKE in the BMC region (Extended Data Fig. 3f), associated with 
the strong horizontal temperature gradient (Extended Data Fig. 2f). 
Previous studies have also shown the dominant role of the baro-
clinic instabilities along the BC path between 20∘ S and 36∘ S (ref. 40), 

particularly in the Rio Grande Cone region (30∘ S to 35.5∘ S)41. The 
positive trends in temperature gradients have resulted in increased 
baroclinic instabilities over recent decades (Fig. 2l and Extended 
Data Fig. 2i). However, the barotropic instabilities are largely neg-
ligible in this region (Extended Data Fig. 3c) without increasing 
trends (Fig. 2i).

Poleward shift of WBCs increases eddy activity
To further elaborate on the important changes occurring in the SH 
WBCs, we show the patterns (Fig. 3a–c) and trends (Fig. 3d–f) in 
meridional (poleward) volume and heat transport along the path 
of the WBCs, which have similar latitudinal patterns. There are no 
statistically significant meridional transport trends in the upstream 
regions of the three SH WBCs, that is where MKE is high relative 
to EKE (Extended Data Fig. 1), implying that the WBCs have not 
strengthened over the past decades, consistent with previous studies 
in the AC12, EAC28,42 and BC43,44. However, we find statistically sig-
nificant increasing trends of meridional volume transport (MVT) 
and heat transport in the WBC poleward extensions, particularly 
in the EAC and BC (Fig. 3e,f), suggesting that the WBCs have  
penetrated poleward and are transporting more heat into their 
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southern extensions. This is because weak WBCs are more baro-
tropically stable and can retain more energy to penetrate further 
south and transport more warm water poleward28,39.

Now, we show the link between the increasing meridional trans-
port and the trends of KmKe and PeKe in the SH WBC exten-
sions. We find statistically significant positive trends of KmKe after  
the intensified AC separates from the coast between 35∘ S and 36∘ S 
(Fig. 2g). The subpolar front is located south of the AC region;  
more heat transported into this cold region enhances the horizon-
tal temperature gradient (Extended Data Fig. 2g), resulting in the 
increasing trends in PeKe (Fig. 2j).

In the EAC southern extension, where the meridional transport 
has increased (Fig. 3e), we find a significant increasing trend of 
KmKe between 35∘ S and 36∘ S (Fig. 2h). However, we do not find 
significant increasing trends of KmKe south of 37∘ S. This is prob-
ably because the mean flow is weak in this region. Although the 
horizontal temperature gradient is not strong in the EAC southern 
extension (Extended Data Fig. 2e), intensified meridional transport 
can increase the PeKe due to the increased horizontal temperature 
gradient (Fig. 2k and Extended Data Fig. 2h), contributing to the 
eddy generation. This is consistent with a previous study, which 
suggests that the SST variability in the EAC southern extension is 
connected to the stability of the thermocline and low-frequency 
variability of baroclinic disturbances in the Tasman Sea42.

Compared to the AC and EAC, the BC is the weakest (Extended 
Data Fig. 1a–c). Although the meridional transport has increased 
south of 35∘ S, we do not find a significant increasing KmKe trend 
(Fig. 2i) because a weak mean flow tends to be relatively stable39. 
The northward Malvinas Current brings cold water from the ACC 
to the BMC region, forming a large horizontal temperature gradient 
(Extended Data Fig. 2f). Increased poleward meridional transport 
south of 35∘ S further enhances the horizontal temperature gradient 
(Extended Data Fig. 2i). As a result, we find statistically significant 
PeKe trends in the BMC region (Fig. 2l).

Mechanism for the subtropical ocean gyres poleward shift
The poleward penetration of the SH WBCs is associated with the 
poleward shift of the subtropical gyres. To show the variability in 

the location of the subtropical gyres, we first remove the sea level 
trend averaged over the entire SH (0∘ S to 60∘ S) from the original 
SSH observations and then choose the monthly mean SSH to rep-
resent the position of the gyres26,45. The observed (detrended) SSH 
isolines capture the subtropical gyres well (Fig. 4a) and show the 
variations in their southern boundaries in each ocean basin, par-
ticularly in the WBCs (Fig. 4b). In each WBC system, the elevated 
SSH extends eastward to form the southern branch of the three 
subtropical gyres after separating from the western boundaries. To 
illustrate the poleward shift of the WBCs, we focus on the variability 
and trends of the WBC southern boundaries (Fig. 4c–e).

The southern boundary of the South Indian Ocean gyre has been 
remarkably stable over recent decades (Fig. 4b). The southward 
displacement of AC separation is small and not significant, with a 
trend of −0.01 ± 0.08∘ (1.37 ± 9 km) per decade (P > 0.05, Fig. 4f), 
in agreement with recent studies23,26,46. This is probably because it is 
proximal to the ACC, which acts as a stabilizing agent and is accel-
erating on its north flank due to ocean warming47.

In the South Pacific Ocean, we find a large poleward shift of the 
EAC, with a trend of −0.30 ± 0.19∘ (33 ± 21 km) per decade (P < 0.05, 
Fig. 4g). This suggests that the EAC has penetrated ~92 km south 
during the past three decades. While an increased poleward exten-
sion has been shown7,28,48–50, our results now quantify the rate of 
change in the WBCs, which are consistent with estimates of changes 
in the subtropical gyres from the SSH and SST observations23.

As a branch of the ACC, the Malvinas Current flows northward 
along the continental slope of Argentina up to 38∘ S, which is the 
average location of BMC. Here we find that the BC has significantly 
shifted poleward at a rate of −0.41 ± 0.28∘ (46 ± 31 km) per decade 
(P < 0.05, Fig. 4h), which is similar to previous estimates in the 
BMC region showing a southward shifting rate of −0.6∘ to −0.9∘ 
per decade9,45,51.

To examine the driver of the poleward shift of subtropical gyres, 
we show the spatial pattern of large-scale surface winds in the SH 
(Fig. 5a). Strong southeast trade winds dominate north of 30∘ S, 
whereas the prevailing westerly wind jet blows from west to east 
south of 30∘ S. This wind pattern forms a positive wind stress curl 
almost over the entire SH52, particularly between 10∘ S and 45∘ S 
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(Fig. 5b), driving the anticyclonic subtropical gyres in each ocean 
basin. The zonal mean surface winds over the SH indicate that 
the strong easterly and westerly winds are between 10∘ S and 20∘ S 
and 40∘ S and 60∘ S respectively, with the zero zonal winds at ~32∘ S  
(Fig. 5b). In addition, we find significant increasing trends of the 
easterly winds between 20∘ S and 35∘ S and westerly winds south of 
42∘ S (Fig. 5b). This not only shows that the high-latitude westerly 
winds have intensified but also indicates that the mid-latitude east-
erly winds have shifted poleward (Fig. 5c). It is worth noting that 
we do not find significant increasing trends in the easterly winds 
between 10∘ S and 20∘ S, where the zonal mean easterly winds are 
the strongest. This suggests that the easterly winds are shifting pole-
ward but not strengthening; as a result, the subtropical ocean gyres 
and WBCs have shifted poleward. Therefore, the trends of meridi-
onal transport are non-uniform along the WBCs path (Fig. 3d–f), 
which are not statistically significant in the upstream regions but are 
increasing in the WBC extensions.

A negative zonal wind speed trend south of the zero zonal 
wind line (32∘ S) leads to a poleward shift of this line at a rate of 
−0.16 ± 0.16∘ per decade (Fig. 5c). Although it has been shown that 
the latitudinal location of the zonally averaged zero wind stress 
curl line is highly correlated with the SAM index21, the zero wind 
stress curl line is located much further south than the separation 
latitudes of the WBCs (Figs. 4f–h and 5b). In contrast, the lati-
tudinal location of the zonally averaged zero wind stress is more 
proximal to the southern boundary of subtropical ocean gyres 
(Figs. 4a and 5a). Therefore, we use the zero wind stress line in this 
study which describes the shift in both the easterly winds and the 
westerly winds. These changes in the mid-latitude easterly winds 
contribute to the poleward shift of the wind stress curl and the sub-
tropical ocean gyres. Consequently, we observe a poleward shift 
of the southern boundary of the SH subtropical ocean gyres and 
WBCs (Fig. 4f–h).

SAM has displayed a remarkable increasing trend over the 
past decades20. Here we show that the increasing SAM is signifi-
cantly correlated with a poleward shift of the mid-latitude easterly 
winds, with a correlation of 0.77 (above 95% significance level) 
between the SAM index and the latitudinal location of zonally 
averaged zero wind stress line (Fig. 5c). The high-latitude west-
erly winds have significantly strengthened rather than poleward 
shifted (Fig. 5b), which is in contrast to previous results show-
ing the poleward shifting of high-latitude westerly winds21 but 
showing similar patterns to an ensemble trend between 1979 
and 2018 based on three atmospheric reanalysis23. Therefore, it is 
the poleward shift of the mid-latitude easterly winds that results 
in the poleward shift of the southern boundary of subtropical  
ocean gyres. This is not a strengthening of the WBCs but rather a 
poleward shift in the separation latitudes of WBCs.

Conclusions
Our findings clearly identify the dynamic mechanisms responsible 
for the enhanced warming over the SH WBC extensions. As sum-
marized in the schematic diagram in Fig. 6, the easterly winds at 
mid-latitudes have shifted poleward associated with the positive 
SAM trends, resulting in a poleward shift of the southern bound-
aries of the three major SH ocean gyres. Our results show that the 
meridional heat transport (MHT) trends are non-uniform in the SH 
WBCs, where the greatest increases are in the WBC extensions but 
not in the upstream regions. This shows increased poleward pen-
etration instead of strengthening or large upstream warming of the 
WBCs. We show that the increased meridional transport due to the 
poleward penetration of the WBCs carries more warm water into 
the WBC extensions. Significantly, we show the driving mechanism 
for increased eddy activity: an increase in eddy energy conversion 
through changes in the barotropic and/or baroclinic instabilities. 
These changes differ between the WBCs. For example: barotropic 

instability trends dominate the increasing EKE in the EAC as the 
jet penetrates further south while baroclinic instability trends con-
tribute most to the increased eddy activity in the AC and BC as the 
poleward penetration results in enhanced temperature gradients in 
their extensions. Although cyclonic eddies may make some con-
tributions to the surface cooling, anticyclonic eddies dominate the 
WBC extensions. Increased anticyclonic eddy activity retains warm 
water from the WBCs that can propagate northwestward (AC) and 
poleward (EAC and BC), resulting in rapid ocean warming in the 
WBC extensions. Our results highlight the need for eddy-resolving 
datasets to better represent the dynamics of the SH WBCs and 
mesoscale eddies, which are crucial for understanding global heat 
transport. Our study elucidates the mechanisms driving ocean 
warming in the SH WBC extensions. While we have focussed on 
the SH, it is possible that our results provide insights into the drivers 
of changes occurring in the Northern Hemisphere WBCs as well. 
Hence, our results have far-reaching implications for understand-
ing and predicting ocean temperature extremes in the world’s major 
WBCs and the impact on marine ecosystems under climate change.
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Methods
Observations and reanalysis. We use the latest daily Optimum Interpolation 
Sea Surface Temperature (OISST) v.2.1 to investigate the linear trend of SST. 
We calculate the energetic conversion terms from the daily Bluelink ReANalysis 
(BRAN) product. The monthly averaged surface winds at a height of 10 m from 
European Centre for Medium-Range Weather Forecasts (ECMWF) ERA5 
atmospheric reanalysis were used to examine the large-scale variability of winds 
over the SH. The daily SSH satellite observations from Archiving, Validation and 
Interpretation of Satellite Oceanographic (AVISO) were used to calculate the daily 
surface geostrophic velocities:

ug = −

g
f
∂η

∂y (1)

vg =
g
f
∂η

∂x (2)

where η is the altimetric SSH, f is the Coriolis parameter, g is the gravitational 
acceleration of 9.81 m s−2 and x and y represent the zonal and meridional direction.

All the above datasets used in this study span 28 yr from January 1993 to 
December 2020, except the BRAN product. As BRAN2020 has not saved the 
vertical velocities before 1998 (ref. 35), we use the BRAN2016 vertical velocities 
from 1994 to 1997 to fill this gap. The horizontal resolutions of OISST v.2.1, 
AVISO and ERA5 datasets are 0.25∘ × 0.25∘. BRAN dataset has a high resolution 
of 0.1∘ × 0.1∘, which can resolve the mesoscale eddies and associated dynamic 
processes in the global ocean (Extended Data Figs. 1 and 3).

Energetics metrics. To quantify the depth-dependent MKE, EKE and energy 
conversion terms, we calculate the following energetics metrics53:

MKE =
1
2 (u

2
+ v2) (3)

EKE =
1
2 (u

′2
+ v′2) (4)

KmKe = −ρ0

[

u′u′ ∂u∂x + u′v′ ∂u∂y + v′u′ ∂v∂x + v′v′ ∂v∂y

]

(5)

PeKe = −gρ
′w′ (6)

where u  and v  are the time-mean zonal and meridional velocity components 
over the whole time period (1993–2020), respectively. Statements u′ = u − u , 
v′ = v − v  and w′ = w − w  are the time-varying zonal, meridional and vertical 
velocity components, respectively. Parameter ρ0 is the constant seawater density of 
1,025 kg m−3 and ρ′ is the perturbation of the seawater density.

The energy conversion terms KmKe and PeKe represent the energy transfer 
rate from MKE to EKE due to barotropic instabilities of the mean flow (KmKe) and 
from eddy available potential energy to EKE through the baroclinic instabilities 
(PeKe)53,54. The KmKe and PeKe are direct sources of EKE growth, with positive 
values indicating the eddy formation. In this study, we averaged KmKe and PeKe 
over the upper 1,000 m.

SST gradient and MHT analysis. The horizontal SST gradient, MVT and MHT 
are computed as follows:

∇SST =

√

(
∂SST
∂x )

2
+ (

∂SST
∂y )

2
(7)

MVT =

∫ x2

x1

∫ 0

−1,000
V(z)T(z)dzdx (8)

MHT =

∫ x2

x1

∫ 0

−1,000
ρCpV(z)T(z)dzdx (9)

where ρ, Cp, V(z) and T(z) are the seawater density, specific heat capacity, 
meridional velocity component and temperature of seawater, respectively. 
Parameters x1 and x2 represent the western and eastern boundaries. MVT and 
MHT are calculated from 20∘ S to 45∘ S along the EAC path but from 28∘ S to 36∘ S 
in the AC and from 24∘ S to 40∘ S in the BC before they turn eastward and shed 
anticyclonic eddies.

Large-scale SSH and wind. To extract the large-scale monthly SSH and wind from 
the 0.25∘ × 0.25∘ product, we use a spatial convolution with a constant 3∘ × 3∘ kernel 
K and a 12-month running mean11, defined as following:

SSHls(x, y, t) =

∫ ∫

˜SSH(x − x′, y − y′, t)K(x′, y′)dx′dy′
∫ ∫

K(x′, y′)dx′dy′
(10)

U⃗ls(x, y, t) =

∫ ∫

˜U⃗(x − x′, y − y′, t)K(x′, y′)dx′dy′
∫ ∫

K(x′, y′)dx′dy′
(11)

where SSHls and U⃗ls denote the large-scale SSH and wind and the tilde ˜SSH and ˜U⃗  
represent a 12-month running mean.

Trends, significance and uncertainties. All the linear trends are calculated by 
applying a linear least-squares regression model to the spatially integrated time 
series and statistically tested using a modified Mann–Kendall test11,55. The trends 
with a P value <0.05 are considered statistically significant. The uncertainties 
of trends correspond to the standard 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.

Data availability
The satellite altimetry products from AVISO were produced by Ssalto/Duacs 
and distributed by EU Copernicus Marine and Environment Monitoring Service 
and can be found at https://resources.marine.copernicus.eu/product-detail/
SEALEVEL_GLO_PHY_L4_MY_008_047. The SST products OISST v.2.1 can be 
downloaded from https://www.ncei.noaa.gov/products/optimum-interpolation-sst. 
The BRAN2016 and BRAN2020 reanalysis are provided by CSIRO Australia and 
available at https://research.csiro.au/bluelink/outputs/data-access/. Ocean surface 
winds were taken from ECMWF’s ERA5 reanalysis product and can be accessed 
at https://doi.org/10.24381/cds.f17050d7. The SAM index56 was downloaded from 
http://lijianping.cn/dct/attach/Y2xiOmNsYjpBU0NJSTo4NjQ=.

Code availability
The SAM index and all Jupyter Notebook scripts used for producing the figures will be 
available in the github repository (https://github.com/lijunde/WBCs_SST_EKE) and 
publicly available in the figshare57 (https://doi.org/10.6084/m9.figshare.20473941.v1).
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Extended Data Fig. 1 | See next page for caption.
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Extended Data Fig. 1 | Surface MKE and mean surface EKE over the 28-year (1993–2020) from AVISO and BRAN in the SH WBCs. a, Spatial distribution 
of surface MKE in the AC system. The grey vectors indicate surface geostrophic velocities. The black line indicates the 0.9 m contour of climatological 
mean SSH (1993–2020) from AVISO. b,c, Same as a, but for the EAC and BC, respectively. The black line in c indicates the 0.6 m contour of climatological 
mean SSH from AVISO. d–f, Same as a–c, but for the surface MKE from BRAN. g–l, Same as a–c, but for the mean surface EKE from AVISO (g–i) and BRAN 
(j–l), respectively.
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Extended Data Fig. 2 | Observed mean SST, mean SST gradient magnitude and trends of SST gradient magnitude in the SH WBCs. a, Spatial distribution 
of mean SST in the AC system. The black line indicates the 0.9 m contour of climatological mean SSH (1993–2020) from AVISO. b–c, Same as a, but for 
the EAC and BC, respectively. The black line in c indicates the 0.6 m contour of climatological mean SSH from AVISO. d–f, Same as a–c, but for the mean 
SST gradient magnitude. g–i, Same as a–c, but for the trends of SST gradient magnitude.
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Extended Data Fig. 3 | Mean KmKe and PeKe from BRAN over the upper 1000 m in the SH WBCs. a, Spatial distribution of mean KmKe in the AC system. 
b–c, Same as a, but for the EAC and BC system, respectively. d–f, Same as a–c, but for the mean PeKe.
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