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A B S T R A C T

Recent observations report a poleward shift in several of the world’s western boundary current extensions in
response to a warming climate. However, the nature and variability of the Agulhas Return Current (ARC) is
still relatively unknown, leading to uncertainty in its response to gyre intensification. The objective of this
work is to investigate meridional migration and eddy kinetic energy (EKE) trends in the ARC over the past 27
years using satellite-derived altimetry products. A difference is seen between the western and eastern regions of
the ARC, the former exhibiting a predominantly equatorward migration and the latter moving predominantly
poleward. The ARC is shown to be a region highly influenced by its bathymetry. Additionally, we show that
the regional EKE peaks during austral summer months and that there has been a significant rise in summertime
EKE levels between 1994–2011.
1. Introduction

Western boundary currents (WBC) and their extensions are found
in each of the five ocean basins and transport warm water of tropical
origin into the subtropical interior of the basin. WBC systems have
amongst the highest values for mean velocity, eddy kinetic energy
(EKE), air–sea heat flux, carbon uptake and nutrient transport (Dong
and Kelly, 2003; Friehe et al., 1991; Wu et al., 2012; Takahashi
et al., 2009). Due to the presence of strong sea surface temperature
(SST) gradients across the current, these areas are characterized by
intense air–sea interactions (Small et al., 2008) that can have sig-
nificant impacts on regional weather, fishing industries and shipping
routes (Chang et al., 2013; Oey et al., 2018). In addition, WBCs play
a major role in the global carbon cycle (Dinezio et al., 2009) acting as
a CO2 sink (Takahashi et al., 2009) due to the slow loss of heat to the
atmosphere and the relatively high levels of biological production in
the euphotic zone (Gray and Palter, 2017).

The Agulhas Current (AC) western boundary system is unique, in
that it retroflects, with a small portion of the current feeding into the
South Atlantic in the form of Agulhas Rings and filaments (estimates
ranging from 10–40 Sv, (Gordon, 1986; Speich et al., 2001; van Sebille
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et al., 2010; Richardson, 2007)) and the majority of the current turning
east to become the Agulhas Return Current (ARC). In this way, the AC
re-joins the South Indian subtropical gyre (Lutjeharms and Ansorge,
2001). Past studies of the long term changes to the global ocean
circulation (Wu et al., 2012; Yang et al., 2016; Kwon and Deser,
2007; Yang et al., 2020) have shown that most WBCs are intensifying
and migrating poleward. The main mechanism driving this change is
thought to be an intensification and poleward shift of near-surface
ocean winds, attributed to positive annular mode-like trends (Yang
et al., 2016). This WBC intensification has been shown to manifest in
different manners in each of the basins and is not robust to all WBC
systems. Beal and Elipot (2016) have shown that over time, the Agulhas
Current is not intensifying, but rather broadening, with an increase
in mesoscale activity. Conflict exists between modeled and observed
trends, in particular in the ARC, where only the section to the east of
40◦E has been considered by past studies, rather than the whole length
of the ARC (Yang et al., 2020), which is generally considered to begin
between 15◦E and 30◦E (Boebel et al., 2003; Zhu et al., 2018).

In other WBC systems, based on hydrographic and satellite altime-
try data, it has been shown that the southward penetration of the
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East Australia Current (EAC) has increased over the last half cen-
tury (Ridgway, 2007; Ridgway et al., 2008). The strength and poleward
transport of its extension has also increased since the 1980s (Cetina-
Heredia et al., 2014), with a sharp increase in eddy driven transport
noted from 2005 onward. The Kuroshio Current and Kuroshio Current
Extension’s response to global warming was investigated (Sakamoto
et al., 2005) with a high-resolution atmosphere–ocean coupled climate
model and revealed an increase in current velocity of 0.3 m s−1

at 150◦E. Additionally an intensification of the Kuroshio Extension
during the 1980s relative to the 1970s was reported by Deser et al.
(1999). The transport increase in the Kuroshio Current Extension was
the result of an adjustment of the oceanic circulation to a decadal
variation in the wind stress curl over the mid-latitude Pacific with
a 4–5 year lag. As revealed through the use of a high resolution
ocean–atmosphere coupled model, the Brazil-Malvinas confluence has
migrated southward at a rate of approximately 0.6◦ per decade between
1992–2007 (Combes and Matano, 2014; Goni et al., 2011). A high
resolution numerical experiment demonstrates that this migration is
a result of a weakening in the Antarctic Circumpolar Current (ACC)
across the Drake passage, driven by a weakening of the westerly winds
over the Southeastern and Southwestern Pacific and the Atlantic Basins
from 2000 onwards (Combes and Matano, 2014).

In contrast, over the central Pacific and Indian Ocean Basins, wester-
lies appear to be strengthening (Combes and Matano, 2014). Satellite
altimetry data has also been used to reveal a poleward trend in the
mean latitude of ACC transport (Gille, 2014). As a result of the in-
creased wind stress curl over the Indian subtropics, the Agulhas Current
has broadened rather than increased in transport or strength (Beal
and Elipot, 2016). In particular, they show that the broadening is
associated with an increased eddy energy, which appears to be due to
the intensifying winds. Satellite altimetry observations from 1993–2009
reveal an intensification in mesoscale variability of the Agulhas system,
particularly in the Mozambique channel and south of Madagascar,
leading to accelerated eddy propagation. This intensification has been
attributed to an increased South Equatorial Current driven by enhanced
trade winds over the tropical Indian Ocean (Backeberg et al., 2012). In
the Agulhas Retroflection region an increase in the Agulhas Leakage
has been shown to occur due to an intensification of the Southern
Hemisphere Westerlies (Biastoch et al., 2009). While many studies
of the ARC region have put an emphasis on the air–sea interactions
associated with the oceanic temperature front (Liu et al., 2007; Tozuka
and Cronin, 2014; Ohishi et al., 2016), there is a gap when it comes to
research into a meridional migration of the ARC.

This study focuses on the path of the ARC between the years 1993
and 2019. In particular, using 27-years of daily SSH fields, we evaluate
the long-term mean ARC path and its variability and trends. In addition,
we analyze the impact of the ARC path on EKE trends and variability,
and its relation to changes in the wind stress curl, demonstrating how
the ARC is shaped both by prominent bathymetric features along its
path and a shifting wind regime.

2. Data and methods

In order to distinguish the ARC from the AC and Retroflection
Region, the study is restricted to the box defined by 36.125◦-46.125◦S
and 20.125◦-70.325◦E based on previous hydrological work done in
this region by Lutjeharms and Ansorge (2001). Following Boebel and
Barron (2003), the maximum gradient within the Sea Surface Height
(SSH) fields is used as a proxy for the location of the ARC. Boebel and
Barron (2003) showed that this proxy is aligned with the maximum
currents of the ARC measured by floats and acoustic Doppler current
profiler (ADCP).

The analysis was conducted on a gridded satellite altimeter product
obtained from Copernicus. Absolute dynamic SSH topography (ADT)
is calculated using data from all altimeter missions: Jason-3, Sentinel-
3 A, HY-2 A, Saral/AltiKa, Cryosat −2, Jason-2, Jason-1, T/P, ENVISAT,
2
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GFO, ERS1/2 and is processed by the DUACS multimission altimeter
data processing system. Its spatial resolution is 0.25◦ x 0.25◦ with a
temporal resolution consisting of daily means spanning over 27 years
(1993–2019).

The wind stress curl data is from the IFREMER CERSAT Global
Blended Mean Wind Fields procured from Copernicus, which includes
wind components (meridional and zonal), wind modulus, wind stress,
wind stress curl and divergence. The 6-hourly blended wind product
makes use of remotely sensed surface winds derived from all available
scatterometers and radiometers. Its spatial resolution is 0.25◦ x 0.25◦

and provides data for the years 1994–2016.
The location of the ARC path (maximum velocity) was calculated

by finding the point of maximum SSH gradient along each longitude
line on the grid (201 longitude points by 40 points) within the cho-
sen region, following the methodology of Boebel and Barron (2003).
Together, these points of maximum SSH gradient provided a represen-
tation of the ARC path for each day (9861 days) (Fig. 1). In order to
verify this method and confirm its efficiency in locating the ARC, the
method was also applied to SST data (a gridded 0.25◦ x 0.25◦ product
developed by CLS Production Unit and obtained through a combination
between satellite and in-situ data, procured from Copernicus. It consists
of 3D Temperature, Salinity, Heights, Geostrophic Currents and Mixed
Layer Depth). A comparison between points of maximum gradient
revealed an agreement at a vast majority of the locations examined.

While eddies do appear in this region and may have higher veloci-
ties than the current, the life span of a typical eddy at a specific location
is a few weeks and thus they do not greatly affect the timeseries at the
timescales addressed here. Temporal variability and long term trends in
the equatorward–poleward migration of the ARC path were calculated
at each longitude (201 longitude lines on the grid in the chosen region)
along the length of the ARC in order to examine changes in the ARC
path over the satellite era. Trends were calculated by fitting a straight
line onto the ARC path latitude time series at each longitude grid
between 20.125◦-70.325◦E.

The geostrophic currents (𝑢 and 𝑣) are derived from the ADT and
epresent the northward and eastward geostrophic sea water velocity.
KE is computed from the geostrophic current perturbations relative to
he annual mean according to: EKE= 0.5(𝑣′2+𝑢′2) where 𝑣′ = 𝑣−𝑣 and
𝑢′ = 𝑢 − 𝑢, and 𝑢 and 𝑣 are the annual mean for each year.

EKE and wind stress curl decadal trends were calculated by using
linear regression analysis on the EKE and wind stress curl data respec-
tively. The EKE field was also averaged within the ARC study region
(36.125◦-46.125◦S and 20.125◦-70.325◦E) to provide a single area

ean EKE value for each of the time steps. The seasonal cycle of the
KE was examined by averaging the annual EKE levels of each season.
ummer was defined as January–March and winter as June–August
n accordance with the seasonality of the South Indian Ocean (Ffield
t al., 1997; Behara and Yamagata, 2001). In addition to calculating
he EKE with the annual mean, it was recalculated using a 6-month
ilter and compared to a 24-month filter, in order to assess the impacts
f additional variability at seasonal time scales in our standard EKE.
lthough the amplitude of EKE is reduced with the 6-month filter,

here is no significant difference between the trend of the 6-month
iltered time-series and the 24-month filtered time-series and therefore
ur conclusion is not qualitatively affected if seasonal signal is removed
rom our standard EKE.

Certain characteristics of the current were present at all temporal
esolutions, particularly the three meanders at the western section of
he current (20◦-37◦E) and the slight shift to the south after 50◦E.
he bathymetry of the region was examined in order to investigate its

nfluence on the nature of the path and to examine the extent of the re-
ationship between the location of the quasi-stationary meanders along
he current and the regional bathymetric features. The bathymetry data
sed was the 2014 GEBCO Gridded Bathymetry Data.

Calculations for f/H were utilized in order to examine the effects
f bottom steering on the path of the ARC. The Coriolis component, f,
as calculated for the entire grid as f = 2 Ω𝑠𝑖𝑛(Latitude) where Ω is
𝜋 / 1 day in MKS units. It was then divided by H, height of the water

olumn, based on the GEBCO bathymetry grid.
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Fig. 1. Representation of the points of maximum SSH gradient for one time step (one day, 20th of July 1993) (thick black line) over the SSH contours for that same day (see
colorbar). Regional bathymetry in thin black contours.
3. Results

3.1. ARC path analysis

3.1.1. Mean path
As with the findings of Yang et al. (2020), over the 27-year period

examined here, the position of the ARC was relatively stable along its
entire path, with the eastern portion of the current displaying a mean
poleward migration of 0.015 degrees per year, in comparison to the
larger shifts of other western boundary current extensions (Fig. 2a). The
current has several quasi-stationary meanders (Fig. 2b) that stand out
at nearly every temporal resolution explored (monthly mean, annual
mean, 5-year mean and 27-year mean), most notably, a series of mean-
ders at the western-most region of the current (20◦-39◦E). While there
is considerable variability at monthly timescales due to the eddying
nature of the current, over scales above the subseasonal, the path of
the current is stable in relation to other WBC extentions (Lee and
Cornillon, 1996). The terms used to refer to the meanders in previous
studies (Boebel et al., 2003) and which will be utilized here for the sake
of clarity are T1 (Trough 1-27◦E), T2 (Trough 2-33◦E) and T3 (Trough
3-39◦E) for the meander troughs and C1 (Crest 1-30◦E) and C2 (Crest
2-35◦E) for the troughs between the crests (Fig. 2b). One previously
undescribed feature that stands out is a southward swerve in the current
path at 55◦E which will be referred to as SWS (Southward Swerve).

3.1.2. Variability and trend
While the ARC meanders are quasi-stationary between 20◦E and

40◦E, there is a degree of variability in the latitude of the mean path
throughout the current’s entirety. The meridional variability of the ARC
path varies between regions along the current, much like the other
aspects of the current. The variability of the current position appears
to be closely related to the presence of the quasi-stationary meanders
described in Section 3.1 and by association, to the bathymetry of the
region. The features T1, T2, T3, C1, C2 in the west and SWS in the east
are characterized with a low degree of variability while areas linking
these features tend to vary more in their meridional position (Fig. 2c),
emphasizing the role of bathymetry in shaping the path of the ARC.
The areas with the highest degree of variability are located adjacent to
the bathymetric features, i.e. the Agulhas Plateau, Transkei Rise, the
SWIR and the Kerguelen Islands.

The ARC path timeseries reveals a significant (95%, 𝑝 < 0.05) trend
in the migration of the current (Fig. 2a, also shown in blue and red in
Fig. 2b) of up to 0.03◦ degrees latitude/year. However, the migration
is not uniform in its direction. While the western region (20◦E to 48◦E)
of the ARC appears to be migrating predominantly equatorward at a
rate of 0.021 degrees latitude/year, the eastern region (48◦E to 65◦E)is
migrating on average, poleward at a rate of 0.015 degrees latitude/year
.

3

As with the ARC migrational trends, the regional wind stress curl
(Fig. 3d) exhibits a complex pattern of positive and negative trends.
While it is apparent that throughout most of the region there is an
increase in wind stress curl, the trends along the path of the AC and
ARC are relatively weak (across the SWIR), especially east of 45◦

where the trends are negative in several regions (50◦E, 55◦E, 60◦E),
coinciding with the strongest poleward trends in the path of the ARC.

3.2. EKE trends and variability

The EKE in the region follows a bi-modal distribution, demonstrat-
ing that the region follows a seasonal cycle of higher (lower) kinetic
energy levels in the summer (winter) (Fig. 3a). In particular, the EKE
timeseries reveals an increase in EKE between 1994 and 2011. The
linear trend for the monthly-mean EKE is relatively small, 0.01 ± 0.050
(cm/s)/month (95%, p value = 0.83) and the slope is not significantly
different from zero (not shown). However, the mean EKE values for
the summer period (January–March) show a relatively rapid increase in
EKE (Fig. 3b) with a significant (95%, p value = 0.044) linear trend of
3.42 ± 1.564 (cm/s)/year accumulating to an increase of approximately
10% between the aforementioned years. The mean EKE values for the
winter (June–August) have no significant trend.

The EKE in the region exhibits a complex pattern of positive and
negative trends all along the ARC (Fig. 3c). While the trend in the
Agulhas Current, the Agulhas Retroflection region and C1 is mostly
positive there are large areas of negative trends along the path of the
ARC, the most notable of which are around C2 and over the SWIR.

The mean EKE levels along the ARC vary with a clear distinction
between the western section (24◦-40◦E), the central section (40◦-52◦E)
and the eastern section (52◦-65◦E) of the current (Fig. 4b). The western
section is characterized with the highest levels of EKE with values of
up to 2500 cm2s−2. The central section displays relatively low levels of
EKE with values of 1000–1500 cm2s−2. EKE levels in the eastern region
have similar peak values as in the western region but not as abundantly
and concentrated mostly around SWS.

Similar to the characteristics of the ARC path, the EKE pattern
corresponds with the bathymetry of the region (Fig. 4b). Areas with
prominent bathymetric features are associated with low levels of EKE.
This is most noticeable across the SWIR which has relatively low
levels of EKE. The EKE values rise again after the eastern bound-
ary of the ridge only to drop off just before the Kerguelen Islands,
producing a shape that resembles the shape of the bathymetric fea-
tures below the surface. Changes in wind surface forcing have a rapid
barotropic response which modifies the bottom stress between ocean
and bathymetry (Gille et al., 2004). With the increase in wind stress curl
(Fig. 3d), the meanders adjust quickly to the change (Fig. 4a) by cross-
ing f/h contours (Marshall and Stephens, 2001) defined by the Coriolis
parameter f and the water depth h (Thompson and Naveira Garabato,
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Fig. 2. a. The migration trend of the ARC (degrees latitude/year) at each longitude line in the study region. Black bars represent where the trend is significant. b. The mean path
of the ARC averaged over 27 years (1993–2019) (representing points where there is a significant migration of the ARC path (degrees latitude/year) in blue (poleward) and red
(equatorward) (see side colorbar)) overlain on the averaged SSH (see bottom colorbar) and regional bathymetry (black contours). Black rectangle represents limited study region.
c. Variance (degrees2) of the mean latitude of the ARC path over 27 years (1993–2019) (black/red/yellow, see side colorbar) overlain on the averaged SSH (see bottom colorbar)
and regional bathymetry (black contours).
2014). The western region of the current exhibits an equatorward
trend while the eastern region shift is predominantly poleward. This
indicates that the western intensification and poleward shift of WBC’s
and their extensions that has been documented in the literature (Yang
et al., 2016) is manifesting differently in each section. The western
region, which interacts intensely with the bottom topography and has
increased wind stress curl, shifts equatorward while the eastern section
of the ARC (which is less topographically bound) migrates polewards
due to a decrease in wind stress curl (Fig. 3d) and poleward migration
of the westerly winds (Yang et al., 2016). An examination of the
correlation (Pearson’s r) between the mean wind stress curl time series
and the average latitude of the ARC reveals a significant (𝑟 = 0.423,
𝑝 < 0.05) correlation in the eastern (east of 47◦ E) section of the ARC
with wind leading by 3 months. No significant correlation was found
in the western section of the current.

4. Discussion

4.1. ARC path

Like other WBC extensions, the ARC responds to the gyre-wide
transport driven by the curl of the wind stress exerted on the ocean
surface (Backeberg et al., 2012). The regional bottom topography,
however, also plays a key role in guiding the position of the current,
leading to quasi-stationary meanders that are apparent in the time-
mean path (Chao, 1994; Boebel et al., 2003; Bower and von Appen,
2008). Our results show that along the path of the ARC, there is less
4

variability in the meridional position of the current at the troughs
and crests of these quasi-stationary meanders than for the segments in
between them (Fig. 2c).

The apparent stability in the location of the ARC meanders is
in contrast to analogous WBC extensions such as the Gulf Stream
Extension in which the meanders propagate downstream (Lee and
Cornillon, 1996). Observations of the ARC mean path plotted over the
map of the regional bathymetry (Fig. 2b, red and blue line) suggest a
close relationship between the locations of the quasi-stationary features
and the bathymetric features. Bottom steering has been shown to be
important in WBC extension systems (Chao, 1994; Delman et al., 2015)
through a potential vorticity mechanism (Cushman-Roisin and Beckers,
2010). As a result, the ARC forms the following features described
in Boebel et al. (2003): a first standing meander (T1,C1 - 38◦S, 27◦E) is
present around the Agulhas Plateau, followed by the second meander
(T2,C2 - 38.5◦S, 33◦E) over the southern elongation of the Mozambique
Plateau named the Transkei rise (Gohl et al., 2011). The third meander,
T3 (39◦S, 39◦E), appears as the path of the current reaches the western
most point of the Southwest Indian Ridge (SWIR), while SWS (42◦S,
55◦E) corresponds to the deepening at the eastern most point of the
SWIR.

An examination of the ARC’s mean path in the context of f/H
contours (Fig. 4a), shows that in the entire eastern (east of 48◦E)
section of the ARC, it does not cross an f/H contour, and thus could be
thought to be less constrained by bathymetry (Marshall and Stephens,
2001) when compared to the western part of the ARC, which interacts
with more complex and steeper bathymetry. This phenomena can also
be seen in a quasi-stationary meander in the path of the Kuroshio
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Fig. 3. a. Histogram of the seasonal distribution of mean EKE levels (cm2 s−2) in the ARC region, winter in blue and summer in orange with a density estimate in red. b.Mean
summer (January–March) EKE levels (cm2 s−2) in the ARC region (20◦-70◦E) years 1994–2011 (𝑟2 = 0.48, 𝑝 < 0.05). Standard deviation shaded, linear regression line in red.
c.Decadal EKE trends (cm2 s−2 / decade) derived from altimetry for 1993–2019 (see side colorbar) with SSH (m) contours in black lines. d. Decadal wind stress curl trend (N/m3

/ decade) for 1994–2016 (see side colorbar) with SSH (m) contours in black lines.

Fig. 4. a. Mean path of the ARC (black line) plotted over contours of f/H (see side colorbar). b. The mean EKE (cm2s−2) of the ARC averaged over 27 years (1993–2019). Overlaid
in contours is the regional bathymetry (500 m intervals).
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(33◦N 140◦E) (Delman et al., 2015; Chao, 1994). The ARC is deflected
equatorward over ridges (lower h and f) and polewards over troughs.

4.2. Migration of the ARC

Analogous WBC extensions such as the Kuroshio Extension have
een shown to migrate meridionally as a response to changes in either
he main WBC (Kuroshio Current) or to other neighboring currents
nd fronts (in the case of the Kuroshio Extension it was the Sub-Arctic
rontal Zone) (Nakamura and Kazmin, 2003). Given the proximity of
he Antarctic Circumpolar Current to the ARC and that it has been
hown to be insensitive to long-term change (Böning et al., 2008; Gille,
014), it is likely that it acts as a stabilizing agent for the ARC.

Yang et al. (2020) (using a different methodology to that used
ere) show that the part of the current eastward of 40◦E is migrating
oleward. While our findings confirm that the majority of the length of
he current is migrating poleward, the eastern and western parts of the
urrent actually show opposing trends, both of which are statistically
ignificant. The shift from the equatorward trend in the west to the
oleward trend in the east occurs at 48◦E, and coincides with the
estern-most edge of shallower bathymetry of the SWIR. The migra-

ional pattern seen along the ARC also resembles the pattern revealed in
he wind stress curl field (Fig. 3d). Along the ARC, areas with increased
decreased) wind stress curl align with areas showing equatorward
poleward) migration (i.e 50◦E, 55◦E, 60◦E). These patterns in the
ind stress curl have been linked to SST variations along the ARC
s a reaction to accelerations and decelerations of the westerly winds
lowing across SST fronts (Chelton et al., 2004; O’Neill et al., 2005). It
hould be noted that the observed shift in the western part of the ARC is
arger than the shift in the eastern part, highlighting the influence that
he choice of domain has when looking at the mean migration of the
RC system or in fact the southern edge of the Indian Ocean subtropical
yre as a whole.

.3. Increase in Eddy kinetic energy

Another form of intensification that has been highlighted in the ARC
s an increase in EKE, particularly during the austral summer when
he EKE values peak (Fig. 3b). This is in agreement with a recent
tudy (Hogg et al., 2015) that shows strong increases in the EKE of
he Pacific and Indian basins which was well correlated with regional
ind stress with a 1–3 year lag. The bi-modal distribution shown in
ig. 3a indicates that EKE in the ARC follows a similar semi-annual
easonal cycle as does the South Indian ocean gyre. Work done on
he seasonal circulation of the South Indian Ocean (Ffield et al., 1997)
as shown a maximum transport in the ARC during February–March
nd a minimum transport during June–July, this is consistent with
ur findings regarding the months with the maximum/minimum EKE
alues. Reported transports of the ARC range from 55 Sv during winter
o 70 Sv during summer, with a mean value of 65 Sv. These differences
ave been partially attributed (Ffield et al., 1997) to the meridional
ovement and strength of the South Indian Ocean Gyre. This strong
ecrease during June–July might explain why, although regional winds
ave been shown to be on the rise, the increase in EKE during the
ummer period is significant while no significant increase to EKE has
een observed during the winter months.

As shown in Fig. 4b, the mean EKE field over the ARC can be
ivided into three regions. The reason that the EKE values in the
estern region (24◦-40◦E), the central region (40◦-52◦E) and the east-

rn region (52◦-65◦E) vary is most likely due to several factors. The
ost notable of these are the vicinity of the region to the Agulhas
urrent and the Agulhas Retroflection area, levels of bathymetric in-

luence and the interaction with neighboring currents i.e the Antarctic
ircumpolar Current. Local peaks in EKE levels are usually the result
f baroclinic and barotropic instabilities generated by strong velocity
radients (Hakkinen and Rhines, 2009) such as those found in the
6

C and AR. Additional contributors to the EKE variability are Ekman
umping (Qiu and Chen, 2010), wind forcing and frontogenesis (which
s most prominent in areas with strong SST gradients like the ARC). The
ombination of the western region’s vicinity to the AC and AR regions
ogether with the relatively shallow depths and prominent bathymetric
eatures that may enhance turbulence, lead it to have the highest EKE
evels of the three. While we witness a decrease in EKE throughout the
entral region (over the SWIR), there is a slight increase in EKE levels
n the eastern region which indicates that the SWIR might be acting as
n EKE dampener.

Examination of seasonal variations of the large-scale geostrophic
low field and EKE based on altimetric data (Scharffenberg and Stam-
er, 2010) revealed annual changes in all western boundary current

ystems due mainly to seasonally modulated strength changes in the
verdrup circulation. In the midlatitudes, due to changes in the wind-
riven barotropic circulation, the EKE field changes in its amplitude
n the annual period, peaking in the summer. Our results indicating an
ncrease in EKE (Fig. 3b), may also be related to the broadening of the
gulhas in response to wind intensification (Fig. 3d), shown by Beal
nd Elipot (2016) from mooring observations and rising oceanic tem-
eratures in the Agulhas Region (Han and Yan, 2018). The implications
f increased EKE are not fully understood (Zhu et al., 2018), but may
nclude enhanced primary production Falkowski et al. (1991), elevated
ixing (Naveira Garabato et al., 2011; Thompson and Sallée, 2012) and

ncreased ocean–atmosphere interactions. Further exploration of these
mplications will be important for understanding the role of WBC and
heir extensions in the global carbon cycle. Understanding the role of
ertical mixing in air–sea interaction is essential for improving model
alculations of heat flux and carbon exchange. The ARC is the largest
ource of EKE in the Indian Ocean in addition to acting as a major
O2 sink (Takahashi et al., 2009; Scharffenberg and Stammer, 2010).

mproved observations of WBC extensions are essential, as is the need
o improve how models resolve eddy activity in such regions with
ncreasing EKE.
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