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ABSTRACT

Coupled ocean—atmosphere simulations are carried out for the Mozambique Channel, the Agulhas Current
system, and the Benguela upwelling system to assess the ocean surface current feedback to the atmosphere
and its impact on the Agulhas Current (AC) retroflection and leakage. Consistent with previous studies, the
authors show that the current feedback slows down the oceanic mean circulation and acts as an oceanic eddy
killer by modulating the energy transfer between the atmosphere and the ocean, reducing by 25% the me-
soscale energy and inducing a pathway of energy transfer from the ocean to the atmosphere. The current
feedback, by dampening the eddy kinetic energy (EKE), shifts westward the distribution of the AC retro-
flection location, reducing the presence of eastern retroflections in the simulations and improving the realism
of the AC simulation. By modulating the EKE, the AC retroflection and the Good Hope jet intensity, the
current feedback allows a larger AC leakage (by 21%), altering the water masses of the Benguela system.
Additionally, the eddy shedding is shifted northward and the Agulhas rings propagate less far north in the
Atlantic. The current-wind coupling coefficient s,, is not spatially constant: a deeper marine boundary layer
induces a weaker s,,. Finally the results indicate that the submesoscale currents may also be weakened by the
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current feedback.

1. Introduction

The Agulhas Current (AC) is the western boundary
current of the south Indian Ocean Subtropical Gyre
(e.g., Lutjeharms 2006), and it is known to have a strong
influence on the climate and transports of heat and salt
from the Indian Ocean to the Atlantic Ocean and the
Southern Ocean. The sources of the AC are from the
Mozambique Channel and from south of Madagascar; it
flows along the southeastern coasts of Africa, trans-
porting about 77Sv (1Sv = 1x10°m>s™'; Beal et al.
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2015) toward the south in a narrow band about 50 km
wide with velocities often above 2ms~ ' (e.g., Boebel
et al. 1998; Lutjeharms 2006). The AC is characterized
by the presence of a retroflection at the south of the
African continent, around 17°E, where the flow turns
back on itself to return to the Indian Ocean (Lutjeharms
and Van Ballegooyen 1988b).

The mesoscale activity in the Agulhas Basin region
and the Mozambique Channel is among the largest of
the world oceans (e.g., Ducet et al. 2000; Gordon 2003)
and has a significant influence on the Atlantic Ocean, the
Benguela upwelling system, and the global overturning
circulation of the ocean (e.g., Gordon et al. 1987; de
Ruijter et al. 1999a; Weijer et al. 1999; Biastoch et al.
2008b,a; McClean et al. 2011). AC water spreads into the
South Atlantic, mainly through the AC leakage: Agul-
has rings (large anticyclonic eddies) and eddies (e.g.,
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Richardson 2007) shed at the Agulhas retroflection,
transporting saltier and warmer water from the Indian
Ocean. The transfer of Indian Ocean waters to the At-
lantic via the AC retroflection is recognized as a key
process for the closure of the thermohaline circulation
(de Ruijter et al. 1999b; Beal et al. 2011). Paleo-
oceanographic results and recent observations of a
change in the Agulhas have stimulated active research
on the subject (Zahn 2009; Beal et al. 2011). The AC
leakage could strengthen the Atlantic meridional over-
turning circulation at a time when global warming and
melting ice could slow it down (Beal et al. 2011). The AC
leakage may also interact with the Benguela upwelling
system and influence one of the most productive coastal
environments of the world (Rae et al. 1992). Unlike the
other eastern boundary upwelling systems (e.g., U.S.
West Coast), much of the mesoscale activity of the
Benguela is not generated along its coast through bar-
oclinic and barotropic instabilities, rather it originates
from the AC leakage (e.g., Matano and Beier 2003;
Veitch et al. 2010). In simulations, a realistic AC and
retroflection is therefore crucial in order to represent the
AC leakage and thus the mesoscale variability and the
water masses of the Benguela.

Because of the presence of Madagascar, the flow in
the Mozambique Channel is dominated by eddies that
propagate in the Agulhas Basin region and could affect
the retroflection process (Schouten et al. 2002; Penven
et al. 2006; Biastoch et al. 2008c; Rouault and Penven
2011). In particular, in the Natal Bight (29°S), the so-
called Natal pulses (Harris et al. 1978; Lutjeharms and
Van Ballegooyen 1988b; de Ruijter et al. 1999b), usually
defined as large solitary meanders in the AC, are
thought to play a significant role in determining the
downstream variability of the AC and the subsequent
leakage by the formation of Agulhas rings (Harris et al.
1978; Rouault and Penven 2011; Lutjeharms and Van
Ballegooyen 1988b; van Leeuwen et al. 2000). Natal
pulses may also cause the AC to short-cut its south-
western path for about 2-3 months, inducing a western
or upstream AC retroflection (van Leeuwen et al. 2000).
However, the numerical simulations of Biastoch et al.
(2008c) do not show a significant influence of the Natal
pulses on the AC leakage. Observations and numerical
models have a wide range of AC leakage estimates be-
tween 2 and 18 Sv (de Ruijter et al. 1999a; Gordon 2003;
Richardson 2007; van Sebille et al. 2009; Biastoch et al.
2008¢,b,a; Putrasahan et al. 2015; Chen et al. 2016).

Although regional models can simulate some prop-
erties of the AC (Biastoch et al. 2008c; Loveday et al.
2014), the oceanic mesoscale turbulence in the region is
difficult to model satisfactorily, for example, an AC
retroflection farther east (upstream) and Agulhas rings
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in a straight line in the South Atlantic (Lutjeharms and
Webb 1995; Maltrud and McClean 2005; Barnier et al.
2006; Thoppil et al. 2011). With the exception of re-
gional models where specific treatments are applied
[e.g., large smoothing of the bathymetry or large value of
diffusivity in Biastoch et al. (2008c) and Loveday et al.
(2014)], a large majority of simulation models have
persistent biases in representing the AC retroflection.
Those issues persist even with high-resolution models
(Thoppil et al. 2011).

The ocean has multiple feedbacks to the atmosphere.
Recent studies using a coupled global model (e.g.,
Dawson et al. 2013) show the importance of resolving
small-scale processes in the ocean to allow the atmo-
sphere to be realistically forced. McClean et al. (2011),
Putrasahan et al. (2016), Putrasahan et al. (2015), and
Chen et al. (2016), using a high-resolution (0.1°) global
coupled model, show that a coupled simulation allows a
more realistic reproduction of the mean and mesoscale
variability of the Agulhas system, both its leakage and
eddy pathways compared to uncoupled oceanic simula-
tions. In particular, various studies highlight the impor-
tance of the thermal feedback (e.g., Cornillon and Park
2001; Chelton et al. 2004; Park et al. 2006; Chelton et al.
2007; Spall 2007; Minobe et al. 2008), whereby the sea
surface temperature (SST) can induce finescale structures
in the wind. Chelton et al. (2004, 2007) derive linear re-
lationships from satellite observations and numerical
simulations between mesoscale SST and surface stress
patterns. However, in the presence of strong SST gradi-
ents, other studies do not find such a linear relationship
(e.g., Park et al. 2006; Liu et al. 2007). Small et al. (2008)
is a review of the different processes involved. Another
possible interaction between the ocean and the atmo-
sphere is the current stress feedback. Although generally
much weaker than the wind, the surface oceanic current
can have an influence on the atmosphere. One of the main
effects of the current feedback consists of a weakening of
the mesoscale activity via a “mechanical dampening,”
that is, a reduction of the work done by the wind on the
ocean (wind work; Dewar and Flierl 1987; Duhaut and
Straub 2006; Dawe and Thompson 2006; Eden and Dietze
2009; Seo et al. 2015; Renault et al. 2016d,c). However,
Renault et al. (2016d) and Renault et al. (2016¢) dem-
onstrate using oceanic and atmospheric coupled simula-
tions where a reduction of the mesoscale activity can be
actually driven by a deflection of energy from the geo-
strophic current to the atmosphere. Renault et al. (2016d)
show that the current feedback by reducing the surface
induces a counteracting enhancement of the wind itself,
which then partially reenergizes the ocean. Neglecting the
current feedback when estimating the surface stress can
also lead to an overestimation of the mean wind work and
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the total energy of the ocean (Hughes and Wilson 2008;
Scott and Xu 2009; Renault et al. 2016¢). Consistent with
Eden and Dietze (2009), Pacanowski (1987), and Luo
et al. (2005), Renault et al. (2016¢) shows that the current
feedback slows down and stabilizes the Gulf Stream by
reducing the input of energy from the atmosphere to the
ocean and by dampening the mesoscale activity. Finally,
McClean et al. (2011) show that a global, high-resolution,
ocean-atmosphere, coupled simulation with thermal and
mechanical coupling, improves the realism of the Agulhas
rings, but they did not assess and explain the associated
processes. The current feedback to the atmosphere may
explain their results.

In this paper, we use a set of atmosphere—ocean cou-
pled simulations and focus on the surface current feed-
back to the atmosphere. The objectives are to assess how
the current feedback controls the AC characteristics and
the air-sea energy flux and to address how it can mod-
ulate the AC retroflection and leakage. The paper is
organized as follows: Section 2 describes the model
configuration and methodology. In section 3, the direct
effect of the current feedback on the mean and meso-
scale circulation is assessed. In section 4, we show how
the current feedback affects the AC retroflection and its
leakage. Finally, the atmospheric response to the cur-
rent feedback is assessed in section 5. The results are
discussed and summarized in section 6.

2. Model configuration and methodology
a. The Regional Oceanic Modeling System

The oceanic simulations were performed with the Re-
gional Oceanic Modeling System (ROMS; Shchepetkin
and McWilliams 2005; Shchepetkin 2015) in its Coastal
and Regional Ocean Community (CROCO) version.
ROMS is a free-surface, terrain-following coordinate
model with split-explicit time stepping and with Boussi-
nesq and hydrostatic approximations. The grid covers the
South African region, including the Mozambique Chan-
nel, Madagascar, the AC retroflection, and the Benguela,
extending from 44.4° to 5.0°S and from 11.5°W to 50.0°E
and is 1031 X 749 points with a spatial resolution between
4.5 and 6 km (4.8km over the Agulhas Basin region). As
in Loveday et al. (2014), although the southern boundary
is relatively close to the Agulhas Current retroflection, it
is far enough away to not interact with it (not shown). The
model has a similar configuration to the one described by
Renault et al. (2016c); it has 50 vertical levels. The ver-
tical grid is stretched for increased boundary layer reso-
lution using stretching surface and bottom parameters of
Netine = 300m, 6, = 7, and 0, = 2. The domain is initial-
ized using the Simple Ocean Data Assimilation (SODA)
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climatological state of 1 January and spun up for 5.5 years
using climatological monthly surface fluxes and lateral
oceanic boundary conditions, reaching an equilibrium
state. It is then run for an additional period, from June
1999 to 2004, using interannual, lateral, oceanic forcing as
well as interannual surface forcing for all simulations.
Temperature, salinity, surface elevation, and horizontal
velocity initial and boundary information for the domain
are taken from the monthly averaged SODA ocean in-
terannual outputs (Carton and Giese 2008). Vertical
mixing of tracers and momentum is done with a K-profile
parameterization (KPP; Large et al. 1994). The diffusive
part of the advection scheme is rotated along the iso-
pycnal surfaces to avoid spurious diapycnal mixing
(Lemarié et al. 2012). As in Penven et al. (2006) and
Loveday et al. (2014), excess western boundary current
variability is selectively damped via a horizontal viscosity
parameterization A, (Smagorinsky 1963):

A
"y

2

A, =0.025 X X |deformation tensor|, (1)

where A, and A, are the zonal and meridional scales.
Only the period 2000-04 is analyzed.

b. The Weather Research and Forecast Model

The Weather Research and Forecast (WRF) Model
(version 3.7.1; Skamarock et al. 2008) is implemented
in a configuration with one grid. The Climate Forecast
System Reanalysis (CFSR; ~40km spatial resolution;
Saha et al. 2010) is used to initialize the model and to
force it at the open boundary conditions from 1 June
1999 for 5.5 years. The domain has a horizontal resolu-
tion of 18 km and is slightly larger than the ROMS do-
main to avoid the effect of the WRF sponge (4 points).
The parameterizations used here are similar to the one
employed in Renault et al. (2016d); the reader is invited
to refer to that study for more details. A bulk formula is
used (Fairall et al. 2003) to estimate the freshwater,
turbulent, and momentum fluxes provided to ROMS.

c. Experiments

The Ocean Atmosphere Sea Ice Soil, version 3.0
(OASIS3), coupler is used to exchange data fields every
hours between ROMS and WRF (Valcke 2013). In the
first experiment, named NOCURR, every hour WRF
forces ROMS with the hourly averages of freshwater,
heat, and momentum fluxes, whereas ROMS gives to
WREF the hourly averaged SST. The surface stress is
estimated with a quadratic form using the bulk formula
described by Fairall et al. (2003):

r=p,,C,|UU, )
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where 7 is the surface stress, p,;; is the air density, Cp, the
surface drag coefficient, and U the wind used to estimate
the surface stress.

In NOCURR, the surface stress is computed using the
absolute surface wind U, (at the first vertical level in
WREF). The second experiment, CURR, is the very same
experiment, but ROMS sends to WRF not only the SST
but also the surface current U, (at the upper vertical
level in ROMS). The surface stress is therefore esti-
mated with a velocity that is the surface wind relative to
the ocean surface current:

U=U,-U,. 3)

d. Energy budget

The numerical outputs for the solutions are daily av-
erages. The mean () is defined with respect to long-term
averaging (2000-04), and the prime denotes deviation
from the long-term mean. The differences between the
observations, CURR, and NOCURR, highlighted
hereinafter, are significant at 95% according to a Stu-
dent’s ¢ test.

Wind power to ageostrophic motions does not feed
into the general circulation (e.g., Wunsch 1998; von
Storch et al. 2007; Scott and Xu 2009). Then, as in, for
example, Stern (1975) and Renault et al. (2016d), we
focus on the following relevant source and eddy-mean
conversion terms:

e geostrophic mean wind work

F K _ 1
Py

m-mg

(7, iy +7,7,0). “)
where u,, and v,, are the zonal and meridional
surface currents, 7, and 7, are the zonal and merid-
ional surface stresses, and p, is mean seawater
density;

 eddy geostrophic wind work

1T -
FeKeg = p—o (7, u,, +7,0,,); (5)

e barotropic (Reynolds stress) conversion

K K :J —<u’ u, —8u"+u/ v aua+u’ W e
m e z o o ax 0 "o ay o aZ
r i ot o s g _aq) (6)
oo ax o-o ay o aZ 4

where w is the vertical velocity, and x, y, and z
are the zonal, meridional, and vertical coordinates,
respectively;

¢ and baroclinic conversion
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where g is the gravitational acceleration.

The F,K,,, represents the transfer of energy from
mean surface wind forcing to mean kinetic energy, F K.,
represents the transfer of energy from surface wind
forcing anomalies to geostrophic eddy kinetic energy
(EKE), K,,,K, represents the barotropic conversion from
mean kinetic energy to EKE, and P.K, represents the
baroclinic conversion from eddy available potential
energy to EKE. We computed those conversion terms
at each model grid point. The wind work is estimated
at the free surface, whereas the barotropic and baroclinic
conversion terms are integrated over the whole water
column. See Renault et al. (2016d,c) for more details. The
current feedback induces a sink of energy on eddy time
scale or longer time scales from the ocean geostrophic
currents to the atmosphere. Although the current feed-
back effect on the geostrophic wind work and its conse-
quences on the oceanic circulation is the main focus of
this study, its effect on the ageostrophic motions (Ekman
currents and submesoscale) is also discussed in section 3.

e. Position of the Agulhas retroflection

Asin Backeberg et al. (2012) and Loveday et al. (2014),
the retroflection extent is derived via a sea surface height
(SSH) contour and tracked through the daily fields
from AVISO and from the simulations. The contour
value is determined from the mean SSH spanning
30°-32.5°S, 28°-32.5°E, capturing the upstream AC where
the flow is less turbulent (see, e.g., Fig. 9d). To capture the
inshore current edge, the mean value is considered where
200 < h < 1500m. The westernmost contour value is
taken as the maximum loop extent (red dot in Fig. 9d).

f- Data

1) SURFACE STRESS FROM QUIKSCAT

The QuikSCAT-based Scatterometer Climatology of
Ocean Winds (SCOW; Risien and Chelton 2008) is used
to infer the mean surface stress. SCOW has a spatial
resolution of 0.25°. The surface stress anomalies are
derived from the QuikSCAT gridded product from
Ifremer (Bentamy et al. 2013), which also has a spatial
resolution of 0.25°.

2) AVISO ALTIMETRY

The daily absolute dynamic topography fields are ob-
tained from the AVISO product (Ducet et al. 2000). The
sea level anomaly data are based on a square grid of 0.25°,
constructed by optimal interpolation in time and space
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FIG. 1. Mean geostrophic wind work (F,,,K,,,; color) and surface stress (vectors) estimated from (a) the observations, (b) NOCURR, and
(c) CURR for the period 2000-04. (d) F,,,K,,; averaged over the whole domain (ALL), the regions over the Mozambique Channel (Mozambique),
the AC, the Agulhas retroflection (Retro), and the ARC [see black boxes in (a)]. In (d) the Mozambique, AC, RETRO, and ARC values have
been multiplied by a factor 10 to match the y scale. The current feedback to the atmosphere reduces F,,K,,, by 12% over the whole domain.

from combined and intercalibrated altimeter missions
using objective analysis (Le Traon et al. 1998). The daily
absolute dynamic topography maps are then produced by
adding the mean dynamic topographic data deduced
from oceanic observations and an ocean general circula-
tion model to the sea level anomaly (Rio et al. 2013).

3) TROPICAL RAINFALL MEASURING MISSION

The Tropical Rainfall Measuring Mission (TRMM)
Multisatellite Precipitation Analysis, developed by the
National Aeronautics and Space Administration (NASA)
Goddard Space Flight Center (GSFC), provides a
calibration-based sequential scheme for combining
precipitation estimates from multiple satellites at fine
spatial and temporal scales (0.25° X 0.25° and 3 hourly)
over 50°N-50°S (Huffman et al. 2007).

3. Current feedback impact on the circulation
a. Mean geostrophic circulation

The mean atmospheric surface circulation is fairly well
represented in both NOCURR and CURR with respect to

the observations (see arrows in Fig. 1) and is character-
ized by the presence of the prevailing wind in the southern
part of the domain and by the influence of the South At-
lantic anticyclone, which induces equatorward surface
winds along the Namibia and Angola coasts. The Mo-
zambique Channel is characterized by a west-northward
surface stress and by the presence of an anticyclonic cir-
culation south of Madagascar. The mean biases of the
zonal and meridional surface stress components are weak
(not shown) and close to the associated error of the ob-
servations: 0.011 and 0.013Nm ™2 (0.010 and 0.011Nm?)
for NOCURR (CURR) with respect to the SCOW esti-
mates (Risien and Chelton 2008).

Figure 2 depicts the mean surface stress curl (colors)
and the mean surface current vorticity (contours) from
the observations (SCOW and AVISO) and the simula-
tions. The presence of the AC has a very clear effect on
the surface stress curl and on the surface current vorticity.
A positive and negative surface stress curl along the AC
arises in QuikSCAT and CURR but not in NOCURR
(Fig. 2). This stress curl can have two origins: 1) the SST
feedback to the atmosphere (present in both CURR
and NOCURR) and 2) the direct effect of the surface
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FIG. 2. Mean surface stress curl and surface current vorticity; the colors represent the mean surface stress curl from SCOW and from
NOCURR and CURR for the period 2000-04. The blue (red) contour represents the mean negative (positive) vorticity of the geostrophic

surface currents from AVISO and the simulations for the same period (only contours of +2 X 10 ®ms ™! for AVISO and +7 X 10 ®m s~

1

for the simulations are shown for clarity). In the observations and in CURR, a negative (positive) surface current vorticity induces

a positive (negative) surface stress curl.

current on the surface stress. Small et al. (2008) provide a
review of the different mechanisms related to the SST
feedback to the atmosphere. Here, as depicted in Fig. 3,
the wind curl in CURR and the difference in wind curl
between CURR and NOCURR are clearly marked by
the presence of the AC and have, thus, a very similar
spatial pattern than the surface stress curl in CURR
(Fig. 3c). In CURR, the wind has an opposite response to
the surface stress (and does not correspond to weak
changes in the marine boundary layer, as mentioned in
section 5). When the mean currents are moving in the
same (opposite) direction as the wind, the current feed-
back decreases (increases) the mean surface stress up
to 02Nm 2 [r = Cpp, (U, — U,)* < Cp p, (U,)’]. Less
(more) surface stress induces less (more) surface friction
and then allows the surface wind to accelerate (weaken).
As a result, a positive surface current vorticity induces a
negative surface stress curl, which in turn generates a
positive wind curl. This is consistent with Chelton et al.
(2004); over the Agulhas Basin, the strong mean surface
currents (about 1 ms~! for the AC) induce a positive and
negative stress curl in QuikSCAT and in CURR but not
in NOCURR. Scatterometers measure the actual surface
stress that depends on the difference between wind and
ocean velocities (Chelton et al. 2004). CURR, unlike
NOCURR, estimates the surface stress using the differ-
ence between wind and ocean velocities. Note that the
QuikSCAT wind product does not reproduce the wind

response to the stress changes induced by the current
feedback because they are by definition a 10-m neutral
wind estimated from the measured pseudostress without
removing the current influence (not shown).

From an oceanic point of view, in CURR the AC
surface current vorticity is better represented with re-
spect to the observations because of a more realistic
energy balance between the ocean and the atmosphere.
The large values of negative surface stress curl along
the African coast are mainly induced by the presence of
the orography and coastline meandering (Renault et al.
2016b; Desbiolles et al. 2016); they may be under-
estimated by the QuikSCAT products due to the con-
tamination of the land and satellite coastal blind zone
(Renault et al. 2009). From NOCURR to CURR, the
current feedback improves the realism of the surface
stress curl but also, as detailed hereafter, improves the
realism of the mean oceanic circulation.

Figure 1 depicts the F,,,K,,, as estimated from the
observations (using AVISO and SCOW) and the
simulations. As depicted in Figs. 1a and 1d, five spe-
cific regions are considered: the whole domain, the
Mozambique Channel, the AC, the AC retroflection,
and the Agulhas Return Current (ARC). The F,,,K,,,,
is generally positive because the surface currents mainly
flow in the same direction as the surface stress, but it
also presents large negative values, where the mean AC
flows in the opposite direction from the surface stress.
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b) CURR
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FI1G. 3. (a),(b) Mean surface (first level in WRF) wind curl and surface current vorticity; the colors represent the mean surface wind curl
from (a) NOCURR and (b) CURR for the period 2000-04. The blue (red) contour represents the mean negative (positive) vorticity of the

geostrophic surface currents from the simulations for the same period (only contours of =7 X 10 °ms™

! are shown for clarity). (c) Mean

wind curl difference between NOCURR and CURR along with the current vorticity from CURR. The surface stress increase (decrease)
in CURR induces a decrease (increase) of the surface wind in the simulation with current feedback.

This large deflection of energy from the ocean to the
atmosphere is underestimated in NOCURR (by 50%)
because it neglects the surface current when estimating
the stress and therefore does not represent the positive
surface stress curl collocated over the AC (Fig. 2).
Overall, NOCURR overestimates F,,,K,,, with respect
to the observations by 35% over the whole domain
and in particular by 50%, 67%, and 10% over the Mo-
zambique Channel, the AC retroflection, and the ARC.
This could be partly due to the spatial resolution and
smoothing used in AVISO; however, in CURR, when
taking into account the surface current into the estima-
tion of the surface stress, the F,,K,,, biases are largely
reduced. From NOCURR to CURR, F},,K,,,. is reduced
by 12% over the whole domain. The main changes occur
where the current is the largest, that is, along the Mo-
zambique Channel, where F,,K,,, is reduced by 20%,
and over the AC, where F,,,K,,,. is increased (negatively)
by 74% (Fig. 1d). Over the AC retroflection and the
ARC, F,,K,,s is reduced by 18% and 8%. The F,,K,,,
improvement from NOCURR to CURR is partly ex-
plained by the surface stress changes but also as inferred
after from an adjustment of the surface currents. The F,,,
K,,, in CURR still has some biases with respect to the
observations of 21% over the whole domain. While
some of these are obviously due to model bias, there is a
possible underestimation of the mean current in AVISO
(Rio et al. 2011,2013). Note that, locally, the wind has an

annual cycle that can change its direction, for example,
near 34°S; the wind can blow toward the same direction
as the surface current (positive F,,K,,z) or in the oppo-
site direction as the surface current (negative F,,,K,,,).
In the case of wind blowing in the same direction as the
surface current, the current feedback will reduce the
surface stress and therefore the positive F,,K,,,. If it is
blowing in the opposite direction, the current feedback
reinforces the surface stress (i.e., it becomes more neg-
ative), increasing the deflection of energy from the
ocean to the atmosphere (i.e., more negative F,,,K,,,). In
any event, from an energetic point of view, the effect of
the current feedback is the same: it reduces the available
energy of the ocean.

Figure 4 depicts the mean surface geostrophic cur-
rents from AVISO and from the simulations and the
total depth-integrated kinetic energy (KE) evaluated
over the whole domain and the same regions used for the
F,,K,,q analysis (black boxes in Fig. 1a). The mean sur-
face geostrophic currents are better represented in
CURR; the AC path is narrower, and the AC retro-
flection is more realistic (see section 4). In the obser-
vations and in CURR, at the surface, the AC reaches, on
average, a maximum velocity of 1.1ms™', whereas in
NOCURR, due to a too persistent eastern retroflection
(section 4), it reaches only 0.8 ms~'. Consequently, the
Good Hope jet reaches values of 0.4ms ™' in CURR and
in AVISO versus 0.3ms ™' in NOCURR. This may alter
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FIG. 4. Mean sea surface geostrophic currents from (a) AVISO, (b) NOCURR, and (c) CURR for the period 2000-04. (d) Total depth-
integrated KE over the whole domain, the Mozambique Channel, and the Agulhas Basin region (black boxes; Fig. 1a). In (d) the
Mozambique, AC, RETRO, and ARC values have been multiplied by a factor 10 to match the y scale. In CURR, the weakening of the
mean wind work (F,,K,,,) induces a global slowdown of the circulation. However, because of a less present eastern retroflection of
the Agulhas Current, the Agulhas Current over the Agulhas Basin has a larger mean flow in CURR with respect to NOCURR. The

Agulhas retroflection is more realistic in CURR than in NOCURR.

the interactions between the AC and the Benguela
Current. As pointed out by, for example, Penven (2000),
in both simulations and AVISO, the currents are weak
on the Agulhas Bank. As for the North Atlantic basin
(Renault et al. 2016¢), the reduction of F,,K,,, globally
slows down the mean circulation and hence reduces the
KE by 16%, 15%, 13%, and 20% over the whole do-
main, the Mozambique Channel, the AC retroflection,
and the ARC, respectively (Fig. 4d). The slowdown of
the circulation, and hence the weakening of the geo-
strophic surface currents, associated with the surface
stress changes explains the reduction of F,,K,,, from
NOCURR to CURR. Finally, at 32°S, NOCURR and
CURR simulate a southward transport of 81 and 78 Sv,
respectively, which is consistent with Beal et al. (2015)
and with the Biastoch et al. (2009) results for the
2000-04 period (Fig. 9 from Biastoch et al. 2009). As
shown in Renault et al. (2016c), over a larger domain the
current feedback may slow down the circulation over

the full Indian Gyre, which could further reduce the AC
transport and KE.

b. Geostrophic eddy kinetic energy and mean
pathway of energy from the ocean to the
atmosphere

For the EKE analysis, five regions of interests are
considered (Figs. 5a,d): the whole domain, the Mo-
zambique Channel, the AC retroflection, the ARC,
and a box over an extended Benguela region. The sur-
face geostrophic EKE is estimated using the daily geo-
strophic surface current perturbations from AVISO and
from the experiments (Fig. 5). The EKE is larger over
the Agulhas Basin south of South Africa and over the
Mozambique Channel [in agreement with the literature,
e.g., Ducet et al. (2000) and Penven et al. (2000)].
NOCURR overestimates the EKE with respect to
AVISO over the whole domain by 75% and, in
particular, by 59%, 47%, 77%, and 40% over the
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FIG. 5. Mean geostrophic EKE (color) for the period 2000-04 from (a) AVISO, (b) NOCURR, and (c) CURR. Contours show 20-cm
delineations of mean sea surface height for this period. NOCURR is characterized by a too large EKE and by the presence of a standing
eddy around the east of the Agulhas Basin that has a strong influence on the retroflection (see Fig. 9). (d) Mean EKE over the whole
domain, the Mozambique Channel, the AC retroflection, the ARC, and the Benguela [black boxes in (a)]. In (d) the Mozambique, AC,
RETRO, and ARC values have been multiplied by a factor 10 to match the y scale. The current feedback in CURR induces a drastic
reduction of the EKE by 25% over the whole domain. It limits the presence of the standing eddies, improving the realism of the mean

circulation and of the Agulhas Current retroflection.

Mozambique Channel, the AC retroflection, the ARC,
and the Benguela, respectively. This could be partly
explained by the smoothing used in AVISO. There are
eddies in the real ocean that have scales smaller than can
be resolved by the AVISO dataset (e.g., Chelton and
Schlax 2003). However, a significant portion of the dis-
crepancy is due to the lack of current feedback in NO-
CURR that, as shown in Figs. 6 and 7, induces a
deflection of energy from the ocean to the atmosphere at
eddy time scale. From NOCURR to CURR, the EKE is
reduced by 25% over the whole domain and, in partic-
ular, by 30%, 17%, 28%, and 22% over the Mozambi-
que Channel, the AC retroflection, the ARC, and the
Benguela region, largely improving the realism of the
simulation. The EKE in both NOCURR and CURR is
larger than the EKE estimated by Loveday et al. (2014);
this is likely due to a smoother topography in their

model and to their coarser spatial resolution [9.2km
over the Agulhas retroflection in Loveday et al. (2014)
vs 4.8 km here].

Figure 6 depicts the relevant eddy-mean conversion
terms estimated from NOCURR and CURR. Consis-
tent with, for example, Halo et al. (2014), the barotropic
conversion from mean to eddy K,,,K, is the main driver
of the EKE over the Mozambique Channel. It generates
the Natal pulses that can induce upstream retroflections
of the AC (e.g., Lutjeharms and Van Ballegooyen
1988a; Rouault and Penven 2011). The EKE over the
Agulhas Basin region is partly driven by the Natal pulses
advected from the Mozambique Channel (Biastoch
et al. 2009; Rouault and Penven 2011) but also driven
locally by K,,,K,. (Fig. 6). Finally, for the Benguela, un-
like the other eastern boundary upwelling systems, the
mesoscale activity does not originate from the coast but
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FIG. 6. (top) Depth-integrated EKE budget component (m® s ®) from CURR. (a) The baroclinic conversion P.K, and (b) the barotropic
conversion K,,K.. (bottom) Total P.K,, K,,K,, and the eddy wind work F.K,, integrated over (c) the Mozambique Channel, (d) the
Agulhas retroflection (Retro), (e) the ARC, and (f) the Benguela (black boxes; Fig. 5a). K,, K, is the main energy source term. The
reduction of the EKE from NOCURR to CURR in Fig. 5 is partly explained by the reduction of K,,,K, but overall by the negative F.K.,.

from the shedding of rings and eddies at the AC retro-
flection (Matano and Beier 2003; Veitch et al. 2010).
Two pathways of energy can explain the EKE re-
duction from NOCURR to CURR. Figures 6¢ and 6d
show the mean P.K, and K,,K, integrated over the
Mozambique Channel, the AC retroflection, the ARC,
and the Benguela (black boxes in Fig. 5a). First, there
is a reduction of the available mean energy over the
whole domain (due to the reduction of F,,,K,,s). This
causes a reduction of the barotropic conversion from
mean kinetic energy to EKE (K,,K.) over the whole
domain (by 15%) but also specifically over the
Mozambique Channel and the ARC (by 8% and 17%,
respectively), whereas P.K, is barely impacted (up to
5% over the Mozambique Channel). The EKE
reduction of the Agulhas Basin region is thus partly
explained by the local reduction of K,,, K, and partly
by a reduction of the Natal pulses generation in the
Natal Bight. The second pathway of energy is a me-
chanical dampening (e.g., Dewar and Flierl 1987;
Duhaut and Straub 2006; Dawe and Thompson 2006;
Eden and Dietze 2009), that is, a deflection of energy
from the oceanic geostrophic currents (eddies) to the

atmosphere, which acts as an eddy killer (Renault et al.
2016d). Over an oceanic eddy, when taking into ac-
count the surface current into the estimation of the
surface stress, there is a reduction of the positive F K,
and an increase of the negative F K., leading to a net
negative F K., In Fig. 7, F.K,, is estimated from the
experiments and by using the geostrophic currents
from AVISO and the surface stress from a QuikSCAT
product (Bentamy et al. 2013). Along the coast, the
wind perturbations induce an offshore Ekman surface
current and an oceanic coastal jet (e.g., Renault et al.
2012) that partially flows in the same direction as the
wind, inducing a positive F.K,, (Renault et al. 2016d).
In agreement with the literature (e.g., Renault et al.
2016¢; Scott and Xu 2009; Xu et al. 2016), the obser-
vations also reveal a pathway of energy from the ocean
to the atmosphere over all the domain and in particular
over the Agulhas Basin region. This large-scale path-
way of energy from the ocean to the atmosphere is
induced by the current feedback. CURR has slightly
larger values of F.K,, with respect to the observation
estimate (by 5%); this may be certainly explained by
model biases (e.g., too large an EKE would deflect too
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FIG. 7. Mean geostrophic eddy wind work F.K,, from (a) the observations, (b) NOCURR, and (c) CURR for the period 2000-04.
The observations and CURR are characterized by the presence of a pathway of energy from the ocean to the atmosphere all over the
Agulhas Current, which is not present in NOCURR. The negative F.K.,, is partly responsible for the dampening of the EKE in Fig. 5.

large amount of energy from the ocean to the atmo-
sphere) but also may be explained by the smoothing
used in AVISO (e.g., Chelton and Schlax 2003).
NOCURR does not reproduce the negative F.K,, be-
cause it ignores the currents influence on the surface
stress. The terms F.K,, and K,,,K, are the main drivers
of the EKE reduction from NOCURR to CURR over
the Mozambique Channel and over the Agulhas Basin
(both AC retroflection and ARC), with F.K,, having
the main contribution. Finally, for the Benguela,
because most of the mesoscale activity originates from
the shedding of rings and eddies in the AC retroflection
(Matano and Beier 2003; Veitch et al. 2010), the
reduction of the EKE over the Agulhas Basin and the
eddy killing (negative F.K,,) explain the EKE re-
duction from NOCURR to CURR. The negative F K.,
is by definition linked to the current feedback [Eq. (5)]
because the surface stress is estimated using the surface
current [Egs. (2) and (3)]. For instance, the monthly
time series of EKE and F K., averaged over the ARC
box have a temporal correlation of 0.7 (o0 > 95%,
not shown). Here, again, the seasonal cycle of the wind
that can induce a change locally in wind direction is not
relevant. The negativeness of F.K., when using the

current feedback does not depend on the wind direction
(see Fig. 5 from Renault et al. 2016d).

c. Ageostrophic response

The current feedback effect on the geostrophic wind
work and its consequences on the oceanic circulation are
the main focus of this study. However, the current feed-
back can also influence the ageostrophic motions. First,
the reduction of the mean surface stress induces a weak-
ening of the Ekman current by roughly 8% (not shown).
More interesting, the current feedback to the atmosphere
may have an effect on the submesoscale motions. A re-
duction of the mesoscale activity weakens the frontogen-
esis activity and thus the submesoscale motions. Figure 8
depicts the 2D KE spectra and 2D ageostrophic KE
spectra as a function of wavelength (km) from NOCURR
and CURR over the Mozambique Channel, the Agulhas
Basin, and the Benguela. We defined the energy spectra
change Cspecira = [(CURR — NOCURR)/CURR] X 100
as the relative change between NOCURR and CURR.
A negative Cypeira indicates a reduction of the energy from
NOCURR to CURR. The ageostrophic submesoscale
energy is reduced by 20% over the Mozambique and the
Agulhas Basin; the effect over the Benguela region is
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FIG. 8. (top) The 2D total (solid) and ageostrophic (dashed) surface KE spectra as a function of the wavelength (km) for NOCURR
(black) and CURR (blue) and (bottom) their relative difference Cypecira- (a),(d) Over the Mozambique Channel, (b),(e) the Agulhas

Basin, and (c),(f) the Benguela. By reducing the mesoscale activity,

the current feedback weakens the frontogenesis and diminishes the

submesoscale activity. These results should be confirmed using higher spatial resolution configurations.

weaker because of a less pronounced reduction of the
EKE over that region. The model used here is only sub-
mesoscale permitting (dx = 5Skm), this indirect impact
should be further assessed by using a nesting procedure
approach allowing a very high spatial resolution over the
Agulhas Basin, as in, for example, Capet et al. (2008b) for
the U.S. West Coast.

4. Mean Agulhas retroflection and leakage
a. Agulhas retroflection

The lack of current feedback acts on the circulation
through two direct effects: a reduction of the F,K,,,
with a slowdown of the circulation and a dampening of
the mesoscale activity. Those changes have an impact on
the ACretroflection. Figure 5 depicts the mean SSH from
AVISO and from the experiments. NOCURR is char-
acterized by the presence of two too persistent standing
eddies nearby Port Elizabeth (around 36°S, 32°E) and
over the AC retroflection. The eastern standing eddy is
induced by the Natal pulses that propagate from
the Natal Bight and eventually merge with the AC near
Port Elizabeth (e.g., Rouault and Penven 2011) but also
from eddies from the ARC, which detach and propagate
westward (McWilliams 1985) toward Port Elizabeth

where they can die, merge, and/or recirculate. This pro-
cess is thought to induce upstream retroflection of the AC
(Lutjeharms and Van Ballegooyen 1988a). The western
standing eddy induces a southern location of the AC
retroflection with respect to AVISO. In CURR, the
dampening of the EKE by negative F.K, (eddy killing)
and also by the reduction of K,,K, (that reduces the
generation of the Natal pulses) weakens the persistence
of the two standing eddies, improving the realism of the
AC mean path and its retroflection with respect to
AVISO. In particular, the retroflection is shifted toward
the north, improving its realism (see Fig. 4).

As in Backeberg et al. (2012) and Loveday et al.
(2014), the retroflection extent is derived for the period
2000-04 via a sea surface height contour from AVISO
and from the simulations (section 2e and Fig. 9d).
Retroflection position distributions are then spatially
binned into 0.5° longitudinal boxes [bins are determined
using a Freedman-Diaconis rule (Freedman and
Diaconis 1981)], producing a zonal probability density
function for AVISO and for each experiment (Figs. 9a,b,c).
The peaks’ significance is assessed using a bootstrap
method; the probability density function of the retro-
flection position is computed 100 000 times using random
samples from the distribution. The error bars are defined
as plus or minus the standard deviation of the obtained
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FIG. 9. (a) Zonal probability density function (PDF) of the retroflection location for the period 2000-04 from (a) AVISO,

(b) NOCURR, and (c) CURR. The black lines represent the PDF values and their standard deviations obtained using a bootstrap method
(see text). The red lines represent the Gaussian fits applied on the significant PDF peaks. The blue circles highlight the center of each
regimes (i.e., the peaks of the PDF), and the blue lines represent the spatial extension of each regime as estimated from the standard
deviation of the Gaussian fits. The percent of occurrences of each regime is indicated in blue (see text for more details). The current
feedback to the atmosphere improves the representation of the Agulhas Current retroflection. In particular, by weakening the mesoscale
activity, it strongly reduces the importance of the eastern retroflections, shifting the distribution of the retroflection location.
(d) Ilustration of an Agulhas Current eastern retroflection from AVISO as estimated by the detection method (section 2e). The colors
represent the SSH from AVISO; the thick black contour represents the detected Agulhas current and the red dot its retroflection lon-
gitude and latitude. (¢) Mean eddy kinetic energy during the eastern retroflections. The black box is used in Fig. 10. The solid line
represents the shipping line (Good Hope line) section, whereas the dotted lines represent the control sections used to estimate the Agulhas

Current leakage using Lagrangian particles.

bins values. To determine the regimes of variability of
the AC retroflection, Gaussian fits are then applied on the
significant peaks of the probability density function.
The spatial extensions of the regimes are derived from
the standard deviation of the Gaussian fits plus or minus
their 95% significant bounds.

The AVISO zonal probability density function (Fig. 9a)
is largely characterized by the presence of the five regimes
of variability. The two first dominant regimes are charac-
terized by a central AC retroflection between 15.2° and
20°E (mean at 17.3°E) in 51% of the occurrences for the
first regime and by a western retroflection between 12.5°
and 15.3°E (mean at 14°E) in 24% of the occurrences for
the second regime. The probability density function high-
lights two other kinds of retroflections: another western
retroflection (mean at 9.2°E) in 1% of the occurrences and
an eastern retroflection (or upstream; Fig. 9d) defined

by two regimes of variability around 23°E and 27°W,
representing 3% and 2% of the occurrences, respectively.

Numerical models have persistent issues realistically
representing the AC retroflection and its variability (e.g.,
Loveday et al. 2014). From NOCURR to CURR, there
is a westward shift of the mean AC retroflection (Fig. 4).
NOCURR simulates the mean position of the AC ret-
roflection around 19.5°E with a too large zonal variability
of its reflection with respect to the observations (Fig. 9).
Part of the discrepancies in NOCURR comes from a
poor representation of the regime of AC retroflection
variability; the dominant regimes are the two eastern
retroflections (29% and 19%). The central retroflection
does not have a peak in the probability density function
estimated from NOCURR. It is included in an eastern
retroflection mode, representing 22% of the occurrences.
The eastern retrofiection is believed to be induced by the



2090

Natal pulses, which merge near Port Elizabeth and
cause a shortcut of the AC (Biastoch et al. 2008c; Rouault
and Penven 2011). It could also be due to eddies from
the ARC, which detach and propagate westward
(McWilliams 1985) toward Port Elizabeth where they
can die, merge, and/or recirculate. The too strong me-
soscale activity in NOCURR reinforces the eastern
category (i.e., the upstream AC retroflection).

In CURR, the weakening of the mesoscale activity
improves the representation of the AC retroflection,
despite some persistent biases. The mean AC position
is very close to the observations, around 15.3°E, but, as
in NOCURR, it has a too large variability. The current
feedback in CURR dampens the EKE and, in particular,
the Natal pulses and their influence on the EKE over
the Agulhas Basin. This diminishes the importance
of the eastern retroflection regimes, allowing a shift
toward the west of the retroflection distribution. Indeed,
in CURR, the main regime of variability is the eastern
retroflection that, as in NOCURR, also includes the
central retroflection detected from the observations
(between 13° and 16°E). The other western retroflection
is centered at 6.5°E and is slightly overrepresented (4%).
The remaining overrepresentation of the eastern retro-
flection is likely due to an overestimation of the EKE
in CURR that may be the consequence of the biases in
F,,K,,,; and too large a K,,K, (Figs. 1, 6). Figure 9e de-
picts the mean EKE averaged over the eastern regime
mode periods. The very large anomalies of EKE near
Port Elizabeth (more than twice the long-term mean
values) likely induce a shortcut of the AC and thus an
eastern AC retroflection. This relationship between
EKE and ACis in good agreement with Backeberg et al.
(2012) and Beal and Elipot (2016). Finally, to discard
an eventual effect of the atmospheric forcing in our
simulation (WRF) on the representation of the third
category (eastern retroflection), an additional un-
coupled simulation has been carried out using clima-
tological forcing (e.g., QuikSCAT stress), as in, for
example, Capet et al. (2008a), with the same spatial
resolution as NOCURR and CURR. That simulation
has similar characteristics to NOCURR in terms of EKE
and AC retroflection and, in particular, has an over-
estimation of the standing eddies.

b. Mean Agulhas Current leakage

The AC leakage is difficult to estimate. Observations
and numerical models present a wide range of estimates
varying from 2 to 15Sv (de Ruijter et al. 1999a;
Richardson 2007; Rouault et al. 2009; van Sebille et al.
2010; Chen et al. 2016). Van Sebille et al. (2010) apply a
method developed by Rouault et al. (2009) to estimate
the AC leakage based on an estimation of the Eulerian
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transport of discriminate temperature (® > 14.6°) and
salinity (X > 35.33). The Eulerian flux Fgy as a function
of threshold temperature and threshold salinity is

FOZ=J J V(6,0) do db, ®)
0=0 Jo-x

where V(0, o)dod0 is the flux through all grid cells with
temperature 6 and salinity o. In NOCURR and CURR,
through the Good Hope line, Fgy is 5.0 and 6.1 Sv, re-
spectively, which is comparable to the estimates from
van Sebille et al. (2010). The magnitude of the AC
leakage is underestimated by Fgy; however, van Sebille
et al. (2010) demonstrate the existence of a linear re-
lationship between the total magnitude of Agulhas
leakage and Fgs:

E, =2F,; +19Sv. ©9)

Using Eq. (9), the total AC leakage from NOCURR
and CURR is 11.9 and 14.1 Sv, respectively, which are
both weaker than the van Sebille et al. (2010) estimates
but similar to the recent estimates from Chen et al. (2016).
This may be due to the overrepresentation of the upstream
retroflection. However, both NOCURR and CURR es-
timated leakages are within the wide range of previous
estimates (de Ruijter et al. 1999a; Richardson 2007; van
Sebille et al. 2010). The changes from NOCURR to
CURR (although the current feedback to the atmosphere
weakens the EKE and slows down the circulation) lead to
an increase of the Agulhas leakage. This counterintuitive
result is consistent with the reduction of the AC eastern
retroflection regimes from NOCURR to CURR. The AC
retroflection is more often around 15°E, allowing a larger
leakage into the Atlantic Ocean; this is consistent with the
van Sebille et al. (2009) finding.

As discussed in, for example, Beal et al. (2011), there
are still uncertainties on the origin of the leakage varia-
tions. Here, as shown in Fig. 9e, the eastern retroflections
are linked to the presence of large EKE values near Port
Elizabeth that short-cut the AC. Therefore, there is a
possible link between the EKE near Port Elizabeth and
the AC leakage. Using CURR, the time series of EKE
and F.K,, have been computed over the region, where
the EKE is large during the eastern retroflection (black
box in Fig. 9¢). The resulting time series and the leakage
are then low-pass filtered (f. = 180 days ™ '). Lag corre-
lations between the EKE and the leakage are finally
computed (Fig. 10). First, not surprising, a large signifi-
cant (o > 95%) correlation of 0.93 is found between the
EKE temporal variations and F.K.. A large EKE
induces a large transfer of energy from the ocean to the
atmosphere (negative F.K,,). More interesting, a large
significant (o > 95%) correlation of 0.46 is found
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F.K., have been spatially average over the box indicated in Fig. 9e. (a) The resulting time series and the leakage
time series have been low-pass filtered (fc = 180 days™'). (b) The lag correlation between EKE and leakage. A
large EKE near Port Elizabeth induces a large deflection of energy from the ocean to the atmosphere but also
a shortcut of the Agulhas Current and then a weakening of the Agulhas Current leakage.

between the EKE and the leakage. Using a lag of
150 days between the EKE and the leakage, the corre-
lation increases to 0.68 (o > 95%). The EKE grows in
that region likely due to a barotropic generation of
eddies and the merging of Natal pulses and eddies de-
taching from the ARC and propagating westward. To
some extent the EKE activity becomes large enough to
short-cut the AC, weakening the AC leakage. A similar
relationship is found using NOCURR (not shown).
From NOCURR to CURR, the weakening of the EKE
driven by the negative F K., leads to a large reduction of
the EKE, and then to an increase of the AC leakage.
This is consistent with van Leeuwen et al. (2000) and
also with van Sebille et al. (2009) that show a more
frequent westward retroflection leads to more leakage
but not with Biastoch et al. (2008c), who suggest Natal
pulses and the induced upstream retroflection do not
have an influence on the AC leakage. Our results are
also partially in disagreement with Rouault et al. (2009),
who show (using a 0.25°0ceanic model) an increase in
the leakage is associated with an increase in Agulhas
Current transport near Port Elizabeth. From NOCURR
to CURR, the AC is weakened at 32°S but is increased
downstream of Port Elizabeth.

Finally, to confirm the leakage estimates and the al-
teration of the Agulhas rings corridor by the current
feedback, the trajectories of numerical Lagrangian
floats are integrated using the ARIANE package
(Blanke et al. 1999). Similar to, for example, Biastoch

et al. (2008b) and van Sebille et al. (2010), particles are
seeded every day in a 300-km zonal section of
the Agulhas Current core at 32°S (up to 1500-m depth,
about 3 X 10° particles in total). Then, the particles are
advected using the daily mean velocity fields over a time
span of 4.5 years (2000-04) in NOCURR and CURR
and intercepted along the section depicted in Fig. 9e.
Two sections are considered in the South Atlantic
Ocean: one along 0° up from 45° to 25°S, and one along
25°S from 0° to the coast. An average leakage is then
evaluated by ARIANE by counting the particles that
flow through the control sections in the Atlantic
Ocean. In the simulation without current feedback (i.e.,
NOCURR), about 10.6 Sv reaches the northern/western
sections in the Atlantic, whereas 12.9 Sv reaches them in
CURR. Consistent with our previous results, the current
feedback in CURR allows a larger leakage of the AC of
about 2.3Sv (21%). In CURR, the western offshore
leakage is larger by 2.0 Sv (from 8.5 to 10.5Sv) and by
0.3 Sv through the northern section (from 2.1 to 2.4 Sv).
Both estimates are within the wide range of leakage
estimates (from 2 to 15Sv) from the observations and
numerical models (de Ruijter et al. 1999a; Gordon 2003;
Richardson 2007; van Sebille et al. 2009; Biastoch et al.
2008c¢,b,a; Putrasahan et al. 2015; Chen et al. 2016). Our
previous estimates, based on the method developed by
Rouault et al. (2009), predict a larger leakage in both
simulations (11.9 and 14.1 Sv in NOCURR and CURR,
respectively); however, the differences are within the
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FIG. 11. (a) Mean Agulhas rings corridor identified using the mean surface geostrophic EKE from NOCURR
(red) and CURR (blue) for the period 2000-04. The contour lines corresponds to the maximal mean EKE value
along each longitude and to 90% of the maximal EKE value along each longitude; the contour lines are smoothed
over a distance of 150 km. (b) Meridional distribution of the surface geostrophic EKE (Fig. 5) along three sections
at 15°E, 7.5°E, and 0° from NOCURR (red) and CURR (blue). For each daily snapshot over the period 2000-04, the
EKE distribution is estimated using bin sizes of 0.05 m*s~ 2. The current feedback alters the Agulhas rings corridor.

confidence band of 11.6 Sv for that method (van Sebille
et al. 2010).

¢. Mean pathway of the Agulhas Current leakage

By modulating the circulation over the Agulhas Basin
region, the current feedback to the atmosphere modu-
lates the AC retroflection position and the AC leakage
itself. As shown by Renault et al. (2016d), the current
feedback reduces the eddy life and rotational speed and
limits their offshore propagation. It may therefore sig-
nificantly alter the propagation of the Agulhas rings and
change their mean corridor of propagation, spreading in
a different way the saltier and warmer water of the Indian
Ocean into the South Atlantic Ocean. The Agulhas rings
corridor is first evaluated by determining the envelope of
the mean geostrophic EKE larger than 90% of its maxi-
mal latitudinal value from each experiment (Fig. 11a).

The 90% EKE envelope is then zonally smoothed over a
distance of 150km. The surface geostrophic EKE used
here is mainly due to the Agulhas rings; the Agulhas cy-
clones are weaker, propagate southwestward counter to
the South Atlantic Current, and do not translate as far as
the rings (Richardson 2007). In both simulations, the
Agulhas rings go north as they move west. However, the
current feedback clearly alters the way they propagate
and therefore the Agulhas rings corridor. There are two
main impacts. First, in CURR, the shedding of the eddies
is shifted about 1.1° toward the north with respect to
NOCURR, and its orientation is less southward. This is
consistent with Fig. 5, which depicts a mean retroflection
located more to the south in NOCURR. Second, in
CURR, the Agulhas rings are dampened by the current
feedback and then go less far north than in NOCURR; at
15° to 5°E, the 90% EKE is centered around 39° and 33°S
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FIG. 12. (a) Mean SST difference between CURR and NOCURR. (b) Temperature-salinity diagram from
NOCURR (red) and CURR (blue) over the black box represented in (a) and averaged over bins of constant
potential density of 0.1 kg m 3. The dashed black lines depict the region used to evaluate the temperature—salinity
diagram. The colors represent the potential density. In CURR, because of a larger leakage, there is saltier and
warmer water between 800- and 200-m depth and warmer sea surface temperature.

in NOCURR. In CURR, it is centered around 38° and
36°S. Farther west than 5°W, the mean EKE in CURR is
too weak to draw any conclusion.

To confirm the alteration of the Agulhas rings corridor,
the meridional distribution of the surface geostrophic
EKE is evaluated along three sections at 15°E, 7.5°E, and
0° (Fig. 11b). For each daily snapshot over the period
2000-04, the EKE distribution is estimated using bin sizes
of 0.05m?s™2. In CURR, at 15°E, consistent with the
other results, the shedding of the eddies is situated at 38°
versus 39.4°S in NOCURR. The Agulhas rings in
CURR go less far north than the ones in NOCURR. In
NOCURR, the largest EKE regions are situated around
39.4°,33°, and 32°S, along the sections at 15°E, 7.5°E, and
0°, whereas in CURR, the largest EKE distribution is
around 38°S at 15°E, and then it is situated at 36.5° and
35.4°S along the section 7.5°E and 0°. This is confirmed by
the particles analysis of the previous section. The particles
intercepted at the western section (i.e., the section along
0°) are centered around 32.2° and 34.8°S in NOCURR
and CURR, respectively. Similar results are found using
the salinity at 1000-m depth as a tracer.

d. Water masses changes

The changes of AC leakage and the Agulhas rings
corridor have an impact on the spread of the warmer and
saltier water masses from the Indian Ocean into the South
Atlantic Ocean. Figure 12a depicts the mean SST dif-
ference between NOCURR and CURR. CURR has a
warmer SST over the Agulhas Basin region (up to 1.5°C)
and over the Benguela upwelling system (0.8°C). As a
result, the mean SST gradients over the Agulhas retro-
flection are also larger in CURR with respect to
NOCURR. The net heat flux over the Agulhas Basin is
more negative in CURR than in NOCURR (by 10%,

mostly driven by the turbulent heat fluxes), inducing a
larger heat transfer from the ocean to the atmosphere. It
is not significantly changed over the Benguela region. The
warming of the Benguela and of the Agulhas Basin is
actually explained by a larger transport of warm water
from the Indian Ocean to the Atlantic Ocean in CURR
with respect to NOCURR. First, along the Agulhas Ba-
sin, the AC is more intense, and rings carry warmer sur-
face water from the Indian Ocean. That explains the
warmer SST and the larger negative turbulent fluxes over
the Agulhas Basin. Second, the larger leakage and the
more intense Good Hope jet bring warmer surface water
into the Benguela upwelling system. In Fig. 12b, a binned
temperature—salinity diagram exposes the mean hydro-
logical characteristics of the water masses of the South
Atlantic from the simulations (see box in Fig. 12a). The
temperature and salinity values are computed by aver-
aging the temperature and salinity over bins of potential
density of 0.1 kgm . Because the mean water masses are
not significantly changed below 1000-m depth, only the
water masses with a depth shallower than 1000m are
shown. In CURR, the stronger leakage provides warmer
and saltier water at depth between 800 and 200m and,
consistent with Fig. 12a, warmer water at the surface (by
0.8°C). From NOCURR to CURR, the changes in tem-
perature at depth (up to 0.5°C at 500-m depth around the
Good Hope line) are due to a larger temperature flux
across the Good Hope line from NOCURR and CURR
that increases from 0.4 to 0.48 PW. This is consistent with
Rouault et al. (2009), who estimate the increase in the
past two decades in Agulhas Current transport induces
an interocean heat anomaly exchange increase of about
0.2 PW decade !, leading to a warming of the tempera-
ture up to 1.5°C decade ! at depth. The current feedback
to the atmosphere has, therefore, two main impacts on
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the Benguela. It reduces the mesoscale activity and alters
its water mass properties, which could partly explain the
SST biases reported by, for example, Veitch et al. (2010).

5. Atmospheric response

When coupling the atmosphere to the oceanic currents,
the reduction in air-sea velocity difference reduces the
stress acting on the wind and allows it to accelerate. In that
sense, the oceanic surface currents partially drive the at-
mosphere, which in turn reenergizes the ocean (Renault
et al. 2016d). As discussed in section 3c, the effect of the
current feedback on the mean wind is clearly highlighted
in Fig. 3. Over the Agulhas Current, a reduction of the
surface stress induced an increase of the surface wind and
vice versa. Renault et al. (2016d) demonstrate the exis-
tence of a linear relationship between the surface currents
and the surface wind. They define the current-wind cou-
pling coefficient s,, from the slope of that linear relation-
ship. For the U.S. West Coast, Renault et al. (2016d)
found a s,, = 0.23. Here, s,, is estimated at each grid point
using the fully coupled experiment (CURR) over the
period 2000-04; only the s,, with a o > 0.95 using an
Ftestis used. Asin Renault et al. (2016d), the coastal band
(150km wide) is not taken into account because of the
strong influence of the orography and coastline meander-
ing on the wind that can hide the influence of the currents
(Renault et al. 2016b). Figure 13a depicts the s, spatial
distribution smoothed over 100km. It shows s, is not
constant and varies from 0.1 to 0.5 (nondimensional).
Figure 13b depicts the structure of the coupling coefficient
s,, over the Agulhas Return Current (similar behavior is
found over other regions). There is a sharp vertical decay
of the influence of the current on the wind; the current
feedback mainly acts on the surface wind, but, con-
sistent with Renault et al. (2016d), its effect can be felt up to
350m. However, it remains weak with respect to the
wind velocities (e.g., at 350 m, a s,, of 0.05 induces a wind
response of Scms ™', which is weak compared to wind
velocities of 15ms~ ). The value of s,, depends on the
current’s magnitude and on the background wind
(Renault et al. 2016d; Gaube et al. 2015). It also depends
on the marine boundary layer height. To highlight it, a
binned scatterplot of the mean marine boundary layer
height and s,, is estimated over the whole domain using
bins of 50m for the marine boundary layer height
(Fig. 13c). It shows a clear linear relationship (o > 0.95
using an F test) between the marine boundary layer
height and s,,: a deeper Marine boundary layer induces a
weaker s,,. This is consistent with Fig. 10 from Renault
etal. (2016d), which shows the energy deflected from the
ocean to the atmosphere by the current feedback that is
distributed over the entire marine boundary layer.
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From an atmospheric point of view, the current
feedback-induced changes remain weak with respect to
the wind velocities. However, the atmosphere can be
influenced by indirect effects of the current feedback.
As discussed in the previous section, from NOCURR
to CURR, the SST over the AC retroflection and
the southern Benguela warms up to 1.5°. This warms
up the atmosphere and alters the mean precipitation
from NOCURR to CURR. The change in mean
precipitation over the period 2000-04 is defined as
Crain = [(rainCURR - rainNOCURR)/rainNOCURR] X 100 A
positive C,,, indicates an increase of the precipi-
tation from NOCURR to CURR. Only significant
Crain (0 > 0.95 using the Student’s ¢ test) is shown in
Fig. 14. Over the AC retroflection and the southern
Benguela, from NOCURR to CURR the current
feedback increases the precipitation rate by 50% (from
1.5to2.2mmday !; see Fig. 14). This may be caused by
the warmer SST and associated larger SST gradients
over the Agulhas retroflection in CURR. Further in-
vestigation is needed to clarify the impact of air-sea
interactions on the precipitation (similar as, e.g.,
Kilpatrick et al. 2016). The other regions of the domain
are not significantly impacted by the current feedback.
The mean precipitation rate is fairly reproduced by the
atmospheric model in both CURR and NOCURR
(Fig. 14c). Over the ocean, the main spatial gradients
are well reproduced with very weak precipitation over
the southern Benguela region (<1 mmday ') and larger
precipitation over the western part of the Agulhas
Current system and, in particular, over the Agulhas
Current, near Port Elizabeth (>3 mmday™'). Over the
land, the agreement between the satellite observations
and the model is remarkable. Such a good agreement is
confirmed by the high-resolution observations dataset
from, for example, Harris et al. (2014) and Lynch (2004).
For instance, the precipitation caused by convective
cells over the Highveld Plateau is well reproduced
(confirming the realism of the scheme used in the at-
mospheric model) as well as the arid region of the
Northern Province and the local minimum of the Klein
Karoo and northeast of Cederberg regions. Other vari-
ables such as mean cloud cover or mean marine
boundary layer height are only marginally impacted by
the SST changes from CURR to NOCURR (less than
5%, not shown). Note both simulations represent the
SST feedback and therefore have SST large-scale and
mesoscale feedbacks to the atmosphere.

6. Discussion and conclusions

Using oceanic and atmospheric coupled simulations,
we assess how the current feedback to the atmosphere
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FIG. 13. (a) Current-wind coupling coefficient s,, estimated as in Renault et al. (2016d) at each grid point and
smoothed over 100 km. (b) Vertical attenuation of s,, with respect to the surface s,, over the Agulhas Return Current
box (similar results are found for other regions). (c) Binned scatterplot of the mean marine boundary layer height and

s,, over the whole domain. The bars indicate plus and minus

one std dev about the average drawn by stars. The linear

regression is indicated by a black line, and the slope is indicated in the title (0.19 X 10~>m™!). The coefficient s, is
characterized by a complex spatial pattern that depends on the marine boundary layer height. The deeper the marine
boundary layer is, the weaker s,, is. The current feedback to the atmosphere mainly acts on the surface wind.

modulates the transfer of energy between the atmo-
sphere and the ocean (wind work) and how it alters the
Agulhas Current (AC) retroflection and leakage. Our
results on the modulation of the wind work by the current
feedback can be compared to the findings of Renault
et al. (2016d,c). Here, the current feedback attenuates
the mean transfer of energy from the atmosphere to the
ocean (mean wind work) by 12%. This is less than the
weakening for the North Atlantic (Renault et al. 2016c;
30%) but is more than the U.S. West Coast (no significant
changes). The mean wind work is reduced by the current
feedback only if the mean currents are strong enough,
which is not the case for the U.S. West Coast (mean
currents of less than 02ms™'). Consistently, the

weakening of the mean wind work slows down the mean
circulation by 15% (against 27% for the North Atlantic).
This furthermore locally reduces the barotropic conver-
sion of energy from mean to eddy by 15%, weakening the
EKE generation over Madagascar Channel and the
Agulhas Basin region. As shown by, for example, Renault
et al. (2016d), the current feedback induces a surface
stress curl opposite to the current vorticity that deflects
energy from the geostrophic current into the atmosphere
and dampens eddies. It induces a mean pathway of energy
from the ocean to the atmosphere over all the AC. As a
result, the EKE is drastically reduced by 25% over the
whole domain. The deflection of energy can be between
2 and 3 times larger over the Agulhas Basin region and
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FIG. 14. Precipitation rate response to the current feedback. (a) Mean precipitation rate from CURR over the period 2000-04.
(b) Relative difference Ci,i, (see text) between NOCURR and CURR. Only the significant values (o > 95% using the Student’s ¢ test) are
shown. (c) Mean precipitation rate from the Tropical Rainfall Measuring Mission (satellite data). The mean precipitation rate is re-
alistically reproduced by CURR. The warmer sea surface temperature and associated larger SST gradients in CURR over the Agulhas
Basin and the Benguela likely induce larger precipitation in CURR with respect to NOCURR.

the Gulf Stream compared to the U.S. West Coast
(Renault et al. 2016d,c). There is a strong correlation
between eddy wind work and EKE: the larger the EKE,
the larger the sink of energy. Note that the mean wind
work could be reduced further by including the full Indian
Ocean Gyre in our domain. As shown by Luo et al. (2005)
and Renault et al. (2016c), this could slow down the mean
circulation, reduce the mean wind work and the genera-
tion of Natal pulses over the Madagascar Channel by
barotropic conversion of energy from mean to eddy, and
thus diminish furthermore the EKE.

An indirect effect of the current feedback is an
improvement of the representation of the mean AC
dynamic. Using the available observations, we show the
AC retroflection can be classified in five regimes of
variability: The two first regimes can be identified as
central retroflection and a western retroflection. They
represent 51% and 24% of the occurrences, re-
spectively. The third category is another western retro-
flection. Finally, the fourth and fifth regimes are eastern
retroflections (upstream retroflection) that are related
to a large EKE near Port Elizabeth and likely to the
Natal pulses. The simulation without current feedback
(NOCURR) has a too frequent upstream retroflection
because it overestimates the EKE and the presence of a
standing eddy near Port Elizabeth. By dampening the
eddy activity, the current feedback in CURR weakens
the influence of the standing eddy on the retroflection,
improving its representation.

We then evaluated the AC leakage using Lagrangian
particles and the method developed by Rouault et al.
(2009) and tested by van Sebille et al. (2010). By
changing the AC dynamic, we show the current feed-
back increases the AC leakage by 21% from 10.6 to
12.9Sv. We highlight a relationship between the EKE
near Port Elizabeth and the leakage: a large EKE can-
induce a shortcut of the AC and thus a weakening of the
AC leakage. The larger leakage in CURR, compared to
NOCURR, modifies the water masses’ characteristics of
the western Agulhas Basin and of the Benguela region.
It allows warmer SST (by 1.5° and 0.8°C, respectively)
and saltier and warmer subsurface water. Finally, the
mean offshore Agulhas rings corridor is altered by the
current feedback. The shedding of the eddies is shifted
northward, and, the Agulhas rings propagate less far
north. This is consistent with McClean et al. (2011) and
explains the improvement of the Agulhas rings proper-
ties in their simulation.

Consistently with previous studies, we show that the
atmosphere responds to the surface current. A reduction
of the surface stress allows the surface wind to accelerate;
the effect can be felt up to 350 m. We further show the
current-wind coupling coefficient s, depends on
the marine boundary layer height. An uncoupled
simulation that estimates the surface stress using the wind
relative to the surface current, but does not have a pa-
rameterization of the wind response to the current feed-
back, overestimates the dampening of the eddies and the
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mean input of energy from the atmosphere to the ocean
F,.K,, and therefore the slowdown of the circulation.
Following Renault et al. (2016d), in uncoupled oceanic
simulations the surface stress should be estimated with a
velocity that is the wind relative to the current corrected
by the current-wind coupling coefficient s,

Uu=u, -(1-s5)U, (10)
where U, and U, are the surface wind and the surface
current, respectively. The parameterization suggested
by Renault et al. (2016d) should be tested using different
constant values of s, estimated from coupled simula-
tions but also for regions that present a large spread of s,,,
values, using a spatial- and temporal-dependent s,,.
Such a parameterization should allow us to reproduce
the partial reenergization of the ocean but also to
simulate a realistic reduction of F,,K,, and the associ-
ated slowdown of the circulation (as estimated from a
coupled simulation). Dedicated studies should be done
to assess what drives s,, and its likely dependence on the
marine boundary layer parameterization in the atmo-
spheric models. Global models with a not too coarse
spatial resolution should be run for a long period to es-
timate s,, globally.

The main effect of the current feedback is a damp-
ening of the eddy kinetic energy (EKE): it deflects en-
ergy from the ocean to the atmosphere. As shown by
Gaube et al. (2015) and Renault et al. (2016d), it induces
an additional Ekman pumping in the ocean that
provides a mechanism for weakening an eddy. The SST
feedback is potentially another important air-sea in-
teraction. Seo et al. (2015) and Gaube et al. (2015)
demonstrate the SST feedback can induce a comparable
Ekman pumping velocity as the current feedback.
However, it primarily affects the eddy propagation, with
no effect on the amplitude. This is consistent with our
results. The mean eddy wind work from NOCURR is
roughly equal to zero, for example, over the Agulhas
retroflection and the Agulhas Return Current. That
means the thermal feedback does not induce a signifi-
cant mean transfer of energy at eddy scale between
the ocean to the atmosphere and does not directly affect
the EKE. However, from NOCURR to CURR, a
weakening of the SST front of the Agulhas ring in
NOCURR may also partially explain the changes of the
eddy corridor from NOCURR to CURR. To properly
assess the SST feedback effect on the ocean, another
coupled simulation should be integrated for a few years,
yet, when coupling ROMS to WRF, a smoothed SST
(i.e., without the mesoscale signal) should be sent to
WRF by ROMS. Although this is not in the scope of this
study, we aim to investigate it soon.
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We show here that a high-resolution, coupled, ocean—
atmosphere model with the current feedback improves
the representation of oceanic current (both mean and
mesoscale) and of the AC retroflection processes.
A simulation without current feedback may have two
important biases for the Benguela: 1) a poor represen-
tation of the AC leakage and consequently the water
masses and biogeochemical materials and 2) an over-
estimation of the eddy life, intensity, quenching of
nutrients, and offshore advection of biogeochemical
materials (Gruber et al. 2011; Nagai et al. 2015; Renault
et al. 2016a). To conclude, the AC leakage of Indian
Ocean waters to the Atlantic is known to be a key
process for the closure of the thermohaline circulation
(de Ruijter et al. 1999b; Beal et al. 2011). Recently, Beal
et al. (2011) show the AC leakage could strengthen the
Atlantic meridional overturning circulation, counter-
acting its slowdown due to global warming and melting
ice. A high-resolution, coupled, ocean—-atmosphere
model that takes into account the current feedback
may be crucial for a realistic representation of the global
thermohaline circulation.
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