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Impact of intensified Indian Ocean winds on
mesoscale variability in the Agulhas system

Bjorn C. Backeberg'?*, Pierrick Penven®? and Mathieu Rouault"?

South of Africa, the Agulhas Current retroflects and a portion
of its waters flows into the South Atlantic Ocean', typically in
the form of Agulhas rings?. This flux of warm and salty water
from the Indian to the Atlantic Ocean (the Agulhas leakage)
is now recognized as a key element in global climate®. An
Agulhas leakage shutdown has been associated with extreme
glacial periods?, whereas a vigorous increase has preceded
shifts towards interglacials®. In the absence of a coherent
observing system, studies of the Agulhas have relied heavily on
ocean models, which have revealed a possible recent increase
in Agulhas leakage®®. However, owing to the high levels of
oceanic turbulence, model solutions of the region are highly
sensitive to their numerical choices®', stressing the need
for observations to confirm these important model results.
Here, using satellite altimetry observations from 1993 to
2009, we show that the mesoscale variability of the Agulhas
system, in particular in the Mozambique Channel and south
of Madagascar, has intensified. This seems to result from an
increased South Equatorial Current driven by enhanced trade
winds over the tropical Indian Ocean. Overall, the intensified
mesoscale variability of the Agulhas system is reflected in
accelerated eddy propagation, in its source regions as well
as the retroflection from which eddies propagate into the
South Atlantic Ocean. This suggests that the Agulhas leakage
may have increased from 1993 to 2009, confirming previous
modelling studies that have further implied an increased
Agulhas leakage may compensate a deceleration of meridional
overturning circulation associated with a freshening of the
North Atlantic Ocean®™.

On a global scale, sea level rise is not geographically uniform
Figure la presents the decadal trend of sea surface height (SSH) in
the Indian Ocean for the period 1993-2009.

An increase reaching 5 cm per decade is evident between 8° and
30° S east of Madagascar, whereas there is a marked decrease in the
north. South of 30° S the pattern is less clear, showing a tendency
towards a negative trend between 30° and 40°S and an increase
between 40° and 45°S. This large-scale pattern is evident in the
zonal mean from 15° to 120° E (Fig. 1b).

Mean SSH contours are overlaid to help analyse regional changes
with respect to major surface currents (Fig. 1a). East of 100° E, SSH
has increased by 2 cm per decade in the Indonesian Throughflow
region. A strong positive trend, reaching 4 cm per decade, is centred
near 10°S, between 70° and 100°E, in the core of the South
Equatorial Current. North of the South Equatorial Current and
the North Madagascar Current from the African coast to 70°E, a
decreasing trend of 3 cm per decade is observed. A striking feature
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is the large increase (5 cm per decade) within the gyre (12°-30° S,
40°-80° E) that is associated with the North Madagascar Current
and the East Madagascar Current. This positive trend extends
from south of Madagascar to the Agulhas Current. The pattern
is more complex in the Agulhas Current region, with a decrease
along the South African south and east coasts (20°-30°S) and a
general increase downstream of the Agulhas retroflection and in the
Agulhas Return Current between 35°—45° S and 20°-75° E.

The geostrophic approximation leads to a simple relationship
between ocean currents and the slope of the sea surface: SSH gradi-
ents are proportional to surface geostrophic currents. Considering
the geostrophic circulation associated with the observed changes
in SSH gradients, Fig. 1a,b suggests a general increase in surface
currents within the western subtropical Indian Ocean, particularly
between 50°-75° E and 8°-30° S, with an enhanced pressure gradi-
ent north of Madagascar and an intensified anticyclonic gyre east
and south of Madagascar. Figure 1c presents the SSH trend derived
from the Sverdrup relation, which provides the large-scale oceanic
response to the curl of the wind stress exerted on the ocean surface.
With the exception of the eastern Indian Ocean, the SSH changes
evident in Fig. 1c are related to the zonally averaged wind-stress
curl trend (Fig. 1d) and conform to the observed intensification
of circulation east of Madagascar, between 8° and 30° S (Fig. 1a),
in response to an increase in wind-stress curl at these latitudes
(Fig. 1d). This increase in wind-stress curl is mainly due to an
increase in trade winds®!? (Fig. 2). From 1993 to 2009, the westerly
winds have increased between 40°-50° S and 50°—90° E. Reanalysis
products disagree over the changes in the westerlies from 1993 to
2009 (Supplementary Fig. S1), highlighting the need for consistent
observations in the Southern Ocean.

The intensified westerly winds, combined with increased trade
winds (Fig. 2) should result in a general increase in wind-stress
curl over the Indian Ocean. Although there is no gyre-wide trend
in the wind-stress curl, its increase is evident between 16° and
30° S (Fig. 1d). Comparing the observed (Fig. 1a) and wind-forced
(Fig. 1c) trends in SSH confirms that long-term SSH changes in the
core of the South Equatorial Current are associated with the winds
over the Indian Ocean (Figs 1d and 2).

The increased large-scale circulation and pressure gradients
are reflected in surface geostrophic velocities, particularly for the
western side of the domain. In the mean kinetic energy (MKE) there
is a large positive trend (exceeding 300 cm? s? per decade) where
the North Madagascar and South Equatorial currents join together
north of the Mozambique Channel (Fig. 3a). Within the channel,
circulation is dominated by mesoscale eddies'; the enhanced South
Equatorial Current results in an increase in eddy kinetic energy
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Figure 1| Wind-driven intensification of the subtropical Indian Ocean gyre. a, Decadal trend of gridded SSH data from 1993 to 2009, a uniform global
mean decadal trend of 3.4 cm per decade has been removed to account for the global sea level rise since 1993 (ref. 13). The black contours indicate the
mean SSH for the period. b, Zonal mean SSH (solid line) and trend (dashed line) for 15°-120° E. The thin solid lines are the zonal mean SSH for 1993-1999
(blue) and 2003-2009 (red), illustrating the mean increase in SSH for the two periods. ¢, Decadal trend for 1993-2009 of the SSH derived from a Sverdrup
relation forced by a wind-stress curl from CFSR (ref. 23) using an active layer of 200 m (ref. 26). d, Zonal mean wind-stress curl (solid line) and trend
(dashed line) for 15°-120° E. The thin solid lines are the zonal mean wind-stress curl for 1993-1999 (blue) and 2003-2009 (red).
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Figure 2 | Decadal trends of the surface wind stress of the subtropical
Indian Ocean. Decadal trend of the surface wind-stress magnitude for
1993-2009 from the CFSR reanalysis?3 data. The vectors indicate the
direction and magnitude of the trend.

(EKE), of up to 200 cm? s=? per decade (Fig. 3b). This is consistent
with the connection between the South Equatorial Current north
of Madagascar and the mesoscale variability in the Mozambique
Channel®®. For the region between 35°—48° E and 10°-20° S, the
area-average EKE trend is 53 cm? s72 per decade (98% statistically
significant). Eddy statistics show that this trend in EKE is associated

with a slight decrease in cyclone diameters and a doubling of the
poleward propagation velocity of anticyclones (Table 1).

The southern branch of the East Madagascar Current also
experiences an intensification of its mean flow component
(Fig. 3a). At its southern extension, where high levels of mesoscale
variability—associated with anticyclonic and cyclonic eddies—
persist'®', the EKE shows strong positive trends (up to 240 cm” s™*
per decade) extending from the southern tip of Madagascar towards
the Agulhas Current (Fig. 3b). The area-average EKE trend for
40°-50° E and 27°-32° S is 75 cm” s~ per decade (98% statistically
significant). The corresponding eddy statistics (Table 1) indicate
that anticyclonic and cyclonic eddies increase in both amplitude and
radii. The large increase in the westward propagation velocities of
the cyclones is consistent with an increase in circulation.

Mesoscale features originating at the southern extension of the
East Madagascar Current have been documented as an important
contributor to the Agulhas system'”. Increasing eddy properties
(amplitudes, radii and westward propagation velocities) south
of Madagascar imply increased volume transport towards the
Agulhas system. Both the flow from the Mozambique Channel
and the southern extension of the East Madagascar Current are
considered to be important sources for the Agulhas Current!®!8,
The intensification of the mean flow and its mesoscale variability
may have downstream implications for the Agulhas Current and
could influence the leakage into the South Atlantic Ocean.

In the Agulhas Current, the pattern of trends is more complex.
The SSH trend shows an amplification of the circulation between
the southern tip of Madagascar and the African coast (Fig. 1a). This
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Figure 3 | Intensification of MKE and EKE. a, Decadal trend of the MKE calculated from absolute geostrophic velocities derived from altimetry SSH
measurements for the period 1993-2009. b, The corresponding decadal trend of the EKE for the same period, the black boxes outline the areas for which
the eddy statistics (Table 1) were generated using the eddy-detection scheme. ¢, Illustration of the interannual variations of the subtopical Indian Ocean
gyre: streamlines of constant annual mean SSH from satellite altimetry traced from the inshore edge of the Agulhas Current (between the isobaths
200-1,000 m in the region 28°-32.5° E and 28°-32.5° S) over the entire subtropical Indian Ocean.

Table 1| Eddy properties in the Agulhas system.

MzC SEMC AR

Mean Trend p Mean Trend p Mean Trend p
Anticyclonic eddies
Amplitude (cm) 12* 0.26* 0.62* 12 14 0.06 26* 0.58* 0.79*
Radius (km) 84 24 0.17 67 3.0 0.18 66 0.88 0.30
u (cms™) —4.0" —0.01* 0.89* —3.8* —0.04* 0.89* —-2.8 0.83 0.35
v (cms™) -2.0 -13 0.08 -0.2 —0.02 0.39 0.92 0.71 0.04
Cyclonic eddies
Amplitude (cm) 1l -1.0 012 n 1.9 0.01 18 13 0.15
Radius (km) 75 —24 0.05 65 21 0.08 58 0.66 0.49
u (cms™) —4.2* 0.1 0.95* —4.2 =11 0.01 =21 0.58 0.32
v (cms™") —0.66 —0.59 0.34 —1.2* —0.08* 0.69* —0.12* —0.4* 0.57*

Eddy statistics derived from the eddy-detection scheme for the Mozambique Channel (MZC), the southern extension of the East Madagascar Current (SEMC) and the Agulhas retroflection (AR) region.
The mean amplitude, radius, u and v velocities of the eddy tracks as well as the corresponding decadal trends (unit/10y) and the p value based on a two-tailed Spearman’s rank correlation coefficient
with 17 degrees of freedom are given for (a) anticyclonic and (b) cyclonic eddies. Values in bold correspond to p values below 0.1. *Correspond to insignificant trends.

is consistent with an increase in MKE of the northern Agulhas southern extension of the East Madagascar Current in the EKE
Current (from 32°S to 24°S, Fig. 3a). The connection between trend (Fig. 3b), with a positive trend extending from the southern
the Agulhas Current and its source regions is evident for the tip of Madagascar towards the Agulhas Current (32°-26°S). On
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reaching the African coast, the westward-propagating eddy energy
is converted into MKE, which shows a positive trend in the
northern Agulhas Current.

In contrast to the northern Agulhas Current, the MKE
component of the southern Agulhas Current (32°-36°S; Fig. 3a)
shows a decreasing trend, accompanied by a positive EKE
trend (Fig. 3b). Eddy statistics for the region (22°-33°E, 30°-
37°S) indicate increased westward and southward propagation
velocities of anticyclonic eddies. Mean zonal and meridional
eddy propagation velocities of —3.5 and —1.8cms™' increase
southwestward by 0.59 and 0.92cms™' per decade, respectively
(Pu—trena = 0.14 and p,_yeng = 0.04). The decreasing MKE and
increasing EKE trends in the region imply that the energy contained
in the current has shifted from the mean to the eddying component
since 1993. This suggests that the southern Agulhas Current has
become more variable. Moreover, intensified eddy-propagation
velocities near the core of the Agulhas Current, its source regions
and in the retroflection, suggest that mesoscale variability in
these three regions may be connected. However, it cannot be
concluded that upstream changes directly impact the Agulhas
retroflection and leakage.

The increasing trend in EKE is also clearly evident in the
Agulhas retroflection region (Fig. 3b). The area-averaged trend for
the retroflection between 10°-20° E and 36°—41° S is 90 cm® s> per
decade (90% statistical significance). Furthermore, the equatorward
propagation velocity of the anticyclonic eddies has more than
doubled (Table 1), indicating an enhanced intrusion of Agulhas
rings into the Atlantic Ocean.

The above results indicate that the South Equatorial Current has
intensified over the past 17 years in response to an increased wind-
stress curl owing to an intensification of the Indian Ocean trade
winds. The zonally averaged wind-stress curl east of Madagascar
from 16° to 32°S shows trends of up to 0.125 x 107/ Nm™ per
decade. These trends are associated with intensified trade winds
in the Indian Ocean'’. The origin of the increased trade winds
may be related to an enhanced Indian Ocean atmospheric Hadley
circulation associated with increased sea surface temperatures and
rainfall in the Indo-Pacific warm pool'>?. This results in stronger
pressure gradients between the tropics and the subtropics®.

The wind-induced intensification of the South Equatorial
Current from 1993 to 2009 has caused the mean flow in the northern
and southern branches of the East Madagascar Current to increase.
This has affected the eddies observed in the Mozambique Channel
and south of Madagascar, as is evident from the positive EKE trends
in the region. In both cases, eddies move towards the Agulhas
at increased rates, transporting more water towards the current
(Table 1). The maximum eddy-rotation speed is larger than its
translation velocity for more than 98% of the detected vortices,
confirming their ability to transport material?'. As the other eddy
properties remain largely unchanged, this faster propagation could
be caused by an increased background flow. In the northern Agulhas
Current, the enhanced eddy energy from the Agulhas source regions
is transferred into an intensified mean flow, whereas the southern
Agulhas Current has shifted towards a more turbulent state. In
general, an increase in the gyre circulation would enhance the
potential for both barotropic and baroclinic instabilities.

Considering that the Indo-Atlantic leakage of warm, saline
water occurs mainly through nonlinear mesoscale dynamics?,
an increased EKE in the Agulhas retroflection region and an
accelerated northward propagation of anticyclones implies that the
Agulhas leakage may have increased over the past 17 years. This,
in agreement with previous modelling studies, is further supported
by an increasing trend (although not significant) in anticyclonic
and cyclonic eddy radii (Table 1). Interestingly, this suggests that
the Agulhas leakage seems to have increased despite a localized
intensification of the westerlies over the retroflection region.

Although there is evidence of increased mean circulation and
increased mesoscale variability throughout the Agulhas system,
including increased Agulhas leakage from accelerated Agulhas ring
propagation, there is no indication that the mean position of the
Agulhas retroflection has changed from 1993 to 2009 (ref. 22). The
annual mean positions of the gyre, observed by tracing altimetry
SSH isolines from the inshore edge of the Agulhas Current over
the entire gyre (Fig. 3c), show that the southern boundary of the
gyre and the position of the retroflection are remarkably stable
on interannual scales. The decreasing MKE trend in the Agulhas
retroflection (10°-20°E, 36°-41°S) is weak and not significant:
—10cm?s™2 per decade (p = 0.67), in contrast to the significant
EKE trend for the area (90cm?s™* per decade, p = 0.06). This
indicates that the mean flow has not changed, despite the intensified
mesoscale variability. The accelerated equatorward propagation of
anticyclonic eddies into the South Atlantic, combined with a stable
mean position of the Agulhas retroflection” (Fig. 3c), suggests
that the location of the Agulhas retroflection is not necessarily
associated with a more energetic Agulhas Current system, nor
an increased leakage.

Here we have shown that the mesoscale variability of the
Agulhas system—in particular its source regions—has intensified
from 1993 to 2009, owing to an increased South Equatorial
Current. By combining altimetry observations with analyses of
a temporally consistent wind reanalysis product®, it was shown
that these changes are driven by intensified trade winds over the
tropical Indian Ocean. These results are further supported by
recent publications documenting global and regional changes in
sea level and intensified winds'>!*!%?, Finally, effects on the eddies
have been quantified using an eddy-tracking scheme, showing
that enhanced mesoscale variability is reflected in accelerated eddy
propagation throughout the Agulhas system. In the retroflection,
from which eddies propagate into the South Atlantic Ocean, this
suggests that the Agulhas leakage may have increased from 1993 to
2009, confirming previous modelling results®.

Methods

This work is based on the homogenous gridded absolute dynamic SSH topography
data obtained from Aviso. SSH is obtained by combining measured sea level
anomaly data from satellites with the Rio09 (ref. 24) mean dynamic topography,
which has been shown to provide better estimates of the geostrophic velocities
for the Agulhas Current®. The zonal (1) and meridional (v) components of the
geostrophic velocities are derived from SSH by u = —g/fn, and v =g/fn, and
where g is gravity, f the Coriolis parameter and » the SSH.

MKE and EKE were calculated from SSH-derived geostrophic velocities. EKE
is defined as (42 +v2)/2, where ' =u—iiand v =v — ¥ ; 1 and ¥ being the annual
mean for each individual year. MKE is defined as (i1 4+#2) /2.

To illustrate the change in the wind-driven circulation, the barotropic
transport is calculated from the Climate Forecast System Reanalysis (CFSR, ref. 23)
wind-stress curl using the Sverdrup relation V = (V x t)/(Bp) where 8 is the rate
of change of the Coriolis parameter with meridional distance, V' is the vertically
integrated meridional transport, T the wind-stress vector and p the density of sea
water. Using an active layer of 200 m (ref. 26)—extending from the ocean surface
to the top of the thermocline, defined as the depth of the 17 °C isotherm at 32° S
(ref. 27)—the associated SSH is derived.

All decadal trends are calculated using a least squares polynomial fit that
minimizes the squared error. From the altimetry SSH trend, a uniform global
mean sea level rise of 3.4 cm per decade, accounted for by ocean thermal
expansion and land-ice melt'®, has been removed. Statistical significance of the
trends are based on a two-tailed Spearman’s rank correlation coefficient with
17 degrees of freedom.

To quantify the relationship between the observed EKE to eddy changes,
an eddy-detection scheme, combining the Okubo—Weiss and closed-contour
methods?, was implemented for key regions in the Agulhas system (where oceanic
turbulence is the highest, see black boxes in Fig. 3b). An evaluation of different
eddy detection methods is given in ref. 28. Here the detection is improved by
combining two methods, reducing the sensitivity to the choice of parameters (for
example, an Okubo—Weiss threshold?), resulting in a more robust eddy detection.
The eddy-tracking algorithm follows eddies by minimizing a generalized distance
in parameter space from one frame to the subsequent frame?®?*. The statistics
are presented in Table 1.
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