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ABSTRACT5

In this study coupled ocean-atmosphere simulations are carried out for the Mozambique6

Channel, the Agulhas System, and the Benguela Upwelling System to assess the ocean surface7

current feedback to the atmosphere and its impact on the Agulhas Current (AC) retroflection8

and leakage. Consistent with previous studies, by modulating the energy transfer between9

the atmosphere and the ocean we show the current feedback slows down the oceanic mean10

circulation and acts as an oceanic eddy killer, reducing by 25% the mesoscale activity and11

inducing a large pathway of energy from the ocean to the atmosphere. The current feedback,12

by dampening the EKE, shifts westward the distribution of the AC retroflection location,13

reducing the presence of Eastern retroflections in the simulations and improving the realism14

of the AC characteristics. By modulating the EKE, the AC retroflection and the Good Hope15

Jet intensity, the current feedback allows a larger AC leakage (by 21%), altering the water16

masses of the Benguela. Additionally, with the current feedback, the eddy shedding is shifted17

northward and the Agulhas Rings propagate less far north in the Atlantic. We then show18

the current-wind coupling coefficient sw is not spatially constant a deeper Marine Boundary19

Layer induces a weaker sw. Finally our results suggest the submesoscale may be indirectly20

reduced by the current feedback.21
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1. Introduction22

The Agulhas Current (AC) is the western boundary current of the south Indian Ocean23

subtropical gyre (e.g., Lutjeharms 2006) and is known to have a strong influence on the24

climate and on transports of heat and salt from the Indian Ocean to the Atlantic Ocean and25

the Southern Ocean. The sources of the AC are from the Mozambique Channel and from26

south of Madagascar; it flows along the southeastern coasts of Africa, transporting about 7727

Sv (1 Sv = 106 m3s−3) (Beal et al. 2015) towards the south in a narrow band about 50 km28

wide with velocities often above 2 ms−1 (e.g., Boebel et al. 1998, Lutjeharms 2006). The29

AC is characterized by the presence of a retroflection at the south of the African continent,30

around 17◦E, where the flow turns back on itself to return to the Indian Ocean (Lutjeharms31

and Van Ballegooyen 1988b).32

The mesoscale activity in the Agulhas Basin region and the Mozambique Channel are33

among the largest of the world oceans (e.g., Ducet et al. 2000, Gordon 2003) and has a34

significant influence on the Atlantic Ocean, the Benguela Upwelling System, and the global35

overturning circulation of the Ocean (e.g., Gordon et al. 1987; de Ruijter et al. 1999a; Weijer36

et al. 1999; Biastoch et al. 2008b,a; McClean et al. 2011). AC water spreads into the south37

Atlantic, mainly through the AC leakage: Agulhas Rings (large anticyclonic eddies) and38

eddies (e.g., Richardson 2007) shed at the Agulhas retroflection, transporting saltier and39

warmer water from the Indian Ocean. These Agulhas Rings (eddies) move generally in a40

northwesterly (southwesterly) direction (Byrne et al. 1995; Richardson 2007). The transfer of41

Indian Ocean waters to the Atlantic via the AC retroflection is recognized to be a key process42

for the closure of the thermohaline circulation (de Ruijter et al. 1999b; Beal et al. 2011).43
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Paleo-oceanographic results and recent observations of a change in the Agulhas stimulated44

a very active research on the subject (Zahn 2009; Beal et al. 2011). The AC leakage could45

strengthen the Atlantic meridional overturning circulation at a time when global warming46

and melting ice could slow it down (Beal et al. 2011). The AC leakage may also interact with47

the Benguela upwelling system and influence one of the most productive coastal environments48

of the world (Rae et al. 1992). Unlike the other eastern boundary upwelling systems (e.g.,49

U.S. West Coast), much of the mesoscale activity of the Benguela is not generated along its50

coast through baroclinic and barotropic instabilities (Marchesiello et al. 2003; Renault et al.51

2016a), but originates from the AC leakage (e.g., Matano and Beier 2003; Veitch et al. 2010).52

In simulations, a realistic AC and retroflection is therefore crucial in order to represent the53

AC leakage, and thus the mesoscale variability and the water masses of the Benguela.54

Due to the presence of Madagascar, the flow in the Mozambique Channel is dominated by55

eddies that propagate in the Agulhas Basin region and could affect the retroflection process56

(Schouten et al. 2002; Penven et al. 2006; Biastoch et al. 2008c; Rouault and Penven 2011).57

In particular, in the Natal Bight (29◦S), the so-called Natal Pulses (e.g., Harris et al. 1978;58

Lutjeharms and Van Ballegooyen 1988b; de Ruijter et al. 1999b), which are usually defined59

as large solitary meanders in the AC, are thought to play a significant role in determining60

the downstream variability of the AC and the subsequent leakage by the formation of Agul-61

has Rings (Harris et al. 1978; Rouault and Penven 2011; Lutjeharms and Van Ballegooyen62

1988b; van Leeuwen et al. 2000). Natal Pulses may also cause the AC, one of the largest63

western boundary currents in the world ocean, to short-cut its southwestern path for about64

2-3 months, inducing an Western or upstream AC retroflection (van Leeuwen et al. 2000).65

However, Biastoch et al. (2008c), using numerical simulations, did not find a significant in-66
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fluence of the Natal Pulses on the AC leakage. Finally, the complex characteristics of the AC67

dynamic and the numerical models uncertainties make the AC leakage difficult to estimate.68

Observations and numerical models have a wide range of transport estimates between 2 Sv69

and 18 Sv (de Ruijter et al. 1999a; Gordon 2003; Richardson 2007; Van Sebille et al. 2009;70

Biastoch et al. 2008c,b,a; Putrasahan et al. 2015a; Chen et al. 2016).71

Although regional models can simulate some properties of the AC (Biastoch et al. 2008c;72

Loveday et al. 2014), the ocean turbulence in the region is such that it is difficult to model73

satisfactorily the Agulhas Current System. Realistic simulations often exhibit abnormal74

behavior: an AC retroflection further east (upstream) and Agulhas Rings in a straight line75

in the south Atlantic (Lutjeharms and Webb 1995; Maltrud and McClean 2005; Barnier et al.76

2006; Thoppil et al. 2011). With the exception of regional models where specific treatments77

were applied (e.g., large smoothing of the bathymetry or large value of diffusivity in Biastoch78

et al. 2008c and Loveday et al. 2014), a large majority of realistic models have persistent79

biases in representing the dynamics of the AC retroflection. Those issues persists even with80

high resolution models (Thoppil et al. 2011).81

The ocean has various feedbacks to the atmosphere. Recent studies, using a coupled82

global model (e.g., Dawson et al. 2013), show the importance of resolving small-scale pro-83

cesses in the ocean to allow the atmosphere to be realistically forced. McClean et al. (2011),84

Putrasahan et al. (2015b), Putrasahan et al. (2015a), and Chen et al. (2016), using a high85

resolution (0.1◦) global coupled model, demonstrate a coupled simulation allows a more real-86

istic reproduction of the mean and mesoscale variability of the Agulhas System, its leakage,87

and more realistic Agulhas eddy pathways compared to forced ocean simulations. In partic-88

ular, various studies highlight the importance of the thermal feedback (e.g., Cornillon and89
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Park 2001; Chelton et al. 2004; Park et al. 2006; Chelton et al. 2007; Spall 2007; Minobe90

et al. 2008). The Sea Surface Temperature (SST) can induce fine scale structures in the91

wind and the surface stress by affecting the stability of the marine boundary layer and thus92

the decoupling of the surface winds from the overlying troposphere. Chelton et al. (2004)93

and Chelton et al. (2007) have derived linear relationships from satellite observations and94

numerical simulations between SST from mesoscale oceanic structure and surface stress.95

Another possible interaction between the ocean and the atmosphere is the current stress96

feedback. Although generally much weaker than the wind, the surface oceanic currents can97

have an influence on the atmosphere. The effect of the current feedback to atmosphere is98

not well known. One of the main effect of the current feedback consists to a weakening of99

the mesoscale activity via a ”mechanical dampening”, i.e., a reduction of the work done100

by the wind on the ocean (wind work) (Dewar and Flierl 1987; Duhaut and Straub 2006;101

Dawe and Thompson 2006; Eden and Dietze 2009; Seo et al. 2015; Renault et al. 2016d,c).102

However, Renault et al. (2016d) and Renault et al. (2016c), using oceanic and atmospheric103

coupled simulations, have demonstrated that a reduction of the mesoscale activity can be104

actually driven by a deflection of energy from the geostrophic current to the atmosphere.105

Renault et al. (2016d) have demonstrated that the current feedback has an effect on the106

surface stress, which in turn induces a counteracting effect on the wind itself. This wind107

response partially re-energizes the ocean. Neglecting the current feedback when estimating108

the surface stress can also lead to an overestimation of the mean wind work and, therefore,109

an overestimation of the total energy of the ocean (Hughes and Wilson 2008; Scott and Xu110

2009; Renault et al. 2016c). Consistent with Eden and Dietze (2009), Pacanowski (1987),111

and Luo et al. (2005), Renault et al. (2016c) have shown the current feedback slows down112
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and stabilizes the Gulf Stream, one of the major western boundary currents, by reducing the113

input of energy from the atmosphere to the ocean and by dampening the mesoscale activity.114

Finally, McClean et al. (2011) show that a global high resolution ocean atmosphere coupled115

simulation (with thermal and mechanical coupling) represents more realistically the Agulhas116

Rings characteristics, but they did not assessed and explained the associated processes. The117

current feedback to the atmosphere may explain their results.118

In this paper, we use a set of atmospheric and oceanic coupled simulations and focus119

on the surface current feedback to the atmosphere. The objectives are first to assess how120

the current feedback controls the AC characteristics and the transfer of energy between the121

atmosphere and the ocean, and to address how it can modulate the AC retroflection and122

leakage. In that sense, this study aims to understand to what extent the current feedback123

to the atmosphere can improve the representation of the AC characteristics.124

The paper is organized as follows: Section 2 describes the model configuration and125

methodology. In Section 3 the direct effect of the current feedback on the mean and126

mesoscale circulation is assessed. In Section 4 we show how the current feedback affects127

the AC retroflection and its leakage. Finally, the atmospheric response to the current feed-128

back is assessed in Section 5. The results are discussed in Section 6, which is followed by129

the conclusion.130
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2. Model Configuration and Methodology131

a. The Regional Oceanic Modeling System (ROMS)132

The oceanic simulations were performed with the Regional Oceanic Modeling System133

(ROMS) (Shchepetkin and McWilliams 2005; Shchepetkin 2015) in its CROCO (Coastal and134

Regional Ocean Community) version. ROMS is a free-surface, terrain-following coordinate135

model with split-explicit time stepping and with Boussinesq and hydrostatic approximations.136

The grid covers the south African region, including the Mozambique Channel, Madagascar,137

the AC retroflection, and the Benguela, extending from 11.5◦W to 50.0◦E and from 44.4◦S to138

5.0◦S, and is 1031 x 749 points with a spatial resolution between 4.5 km to 6 km (4.8 km over139

the Agulhas Basin region). As in Loveday et al. (2014), although the Southern Boundary is140

relatively close from the Agulhas Current retroflection, it is far enough to not interact with141

it (not shown). The model has a similar configuration to the one described by Renault et al.142

(2016c), it has 50 vertical levels; the vertical grid is stretched for increased boundary layer143

resolution using stretching surface and bottom parameters of hcline = 300 m, θb = 2, and144

thetas = 7. The domain is initialized using the Simple Ocean Data Assimilation (SODA)145

climatological state of Jan. 1st and spun up for 5.5 years using climatological monthly surface146

fluxes and lateral oceanic boundary conditions, reaching an equilibrium state. It is then run147

for an additional period, from June 1999 to 2004, using interannual lateral oceanic forcing148

as well as interannual surface forcing for all simulations. Temperature, salinity, surface149

elevation, and horizontal velocity initial and boundary information for the domain are taken150

from the monthly averaged SODA ocean interannual outputs (Carton and Giese 2008).151

Vertical mixing of tracers and momentum is done with a K-profile parameterization (KPP;152
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Large et al. 1994). The diffusive part of the advection scheme is rotated along the isopycnal153

surfaces to avoid spurious diapycnal mixing (Lemarié et al. 2012). As in Penven et al. (2006)154

and Loveday et al. (2014), excess western boundary current variability is selectively damped155

via a horizontal viscosity parameterization Ah (Smagorinsky 1963):156

Ah = 0.025× ∆x∆y

2
× |deformation tensor| , (1)

where ∆x, and ∆y are the zonal and meridional scales. Only the period 2000-2004 is analyzed.157

b. The Weather Research and Forecast (WRF) Model158

WRF (version 3.7.1, Skamarock et al. 2008) is implemented in a configuration with one159

grid. The Climate Forecast System Reanalysis (CFSR) (≈ 40 km spatial resolution; Saha160

et al. 2010) is used to initialize the model and to force it at the open boundary conditions161

from June 1, 1999 for 5.5 years. The domain has a horizontal resolution of 18 km and is162

slightly larger than the ROMS domain to avoid the effect of the WRF sponge (4 points). The163

parameterizations used here are similar to the one employed in Renault et al. (2016d), the164

reader is invited to refer to that study for more details. A bulk formulae is used Fairall et al.165

(2003) to estimate the freshwater, turbulent, and momentum fluxes provided to ROMS.166

c. Experiments167

The OASIS3 coupler is used to exchange data fields every hours between ROMS and168

WRF (Valcke 2013). In the first experiment, named NOCURR, every hour, WRF forces169

ROMS with the hourly averages of freshwater, heat, and momentum fluxes; whereas, ROMS170
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gives to WRF the hourly averaged SST. The surface stress is estimated with a quadratic171

form using the bulk formulae described by Fairall et al. (2003):172

τ = ρairCD|U |U , (2)

where τ is the surface stress, ρair is the air density, CD the surface drag coefficient, and U173

the wind used to estimate the surface stress.174

In NOCURR, the surface stress is computed using the absolute surface wind Ua (at the175

first vertical level in WRF). The second experiment, CURR, is the very same experiment,176

but ROMS send to WRF not only the SST, but also the surface current Uo (at the upper177

vertical level in ROMS). The surface stress is, therefore, estimated with a velocity that is178

the surface wind relative to the ocean surface current:179

U = Ua −Uo (3)

d. Energy Budget180

The numerical outputs for the solutions are daily averages. The mean ”( )” is defined181

with respect to long-term averaging (2000-2004), and the prime denotes deviation from the182

long-term mean. The difference between the observations, CURR and NOCURR highlighted183

hereafter are significant at 95% according to a Student t-test.184

As in e.g., Stern (1975) and Marchesiello et al. (2003), we focus on the following relevant185

source and eddy-mean conversion terms:186

• The geostrophic mean wind work:187

FmKmg =
1

ρ0

(τx uog + τy vog) , (4)
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where uog and vog are the surface geostrophic zonal and meridional velocities.188

• The eddy geostrophic wind work:189

FeKeg =
1

ρ0

(τ ′x u
′
og + τ ′y v

′
og). (5)

• The barotropic (Reynolds stress) conversion KmKe:190

KmKe =

∫
z

−(u′o u
′
o

∂uo
∂x

+u′o v
′
o

∂uo
∂y

+u′ow
′∂uo
∂z

+ v′o u
′
o

∂vo
∂x

+ v′o v
′
o

∂vo
∂y

+ v′ow
′∂vo
∂z

) , (6)

where w is the vertical velocity and x, y, and z are the zonal, meridional, and vertical191

coordinates, respectively.192

• The baroclinic conversion PeKe:193

PeKe =

∫
z

− g

ρ0

ρ′w′ , (7)

where g is the gravitational acceleration.194

FmKmg represents the transfer of energy from mean surface wind-forcing to mean Kinetic195

Energy; FeKeg represents the transfer of energy from surface wind- forcing anomalies to196

geostrophic EKE; KmKe represents the barotropic conversion from mean kinetic energy to197

EKE; and PeKe represents the baroclinic conversion from eddy available potential energy198

to EKE. We computed those conversion terms at each model grid point. The wind work199

is estimated at the free surface, whereas the barotropic and baroclinic conversion terms are200

integrated over the whole water column. See Renault et al. (2016d,c) for more details.201

The two main pathways of mechanical energy from the surface to the deeper ocean202

are wind forcing of near-inertial oscillations and wind forcing of surface geostrophic flows.203
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Previous estimates of the wind power input to the oceanic general circulation (e.g., Wunsch204

1998, von Storch et al. 2007, Scott and Xu 2009) support the assumption that wind power to205

ageostrophic motions does not feed into the general circulation. The current feedback causes206

a deflection of energy on eddy-time-scale or longer time-scales from the ocean geostrophic207

currents to the atmosphere. Although the current feedback effect on the geostrophic wind208

work and its consequences on the oceanic circulation is the main focus of this study, its effect209

on the ageostrophic motions (Ekman currents and submesoscale) is also discussed in Sec. 6.210

e. Position of the Agulhas Retroflection211

As in Backeberg et al. (2012) and Loveday et al. (2014), the retroflection extent is derived212

via a sea surface height (SSH) contour and tracked through the daily fields from AVISO213

and from the simulations. The contour value is determined from the mean SSH spanning214

30◦S - 32.5◦S, 28◦E - 32.5◦E, capturing the upstream Agulhas Current where the flow is215

less turbulent (See e.g., Fig. 8). To capture the inshore current edge, the mean value is216

considered where 200 m < h < 1500 m. The westernmost contour value is taken as the217

maximum loop extent (red dot on Fig. 8b).218

f. Data219

1) Surface Stress from QuikSCAT220

The QuikSCAT-based Scatterometer Climatology of Ocean Wind Stress (SCOW, Risien221

and Chelton 2008) is used to infer the mean surface stress. SCOW has a spatial resolution222
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of 0.25◦. The surface stress anomalies are derived from the QuikSCAT gridded product from223

Ifremer (Bentamy et al. 2013), which also has a spatial resolution of 0.25◦.224

2) AVISO Altimetry225

The daily Absolute Dynamic Topography fields are obtained from the AVISO product226

(Ducet et al. 2000). The Sea Level Anomaly data is based on a square grid of 0.25◦, con-227

structed by optimal interpolation in time and space from combined and inter-calibrated228

altimeter missions using objective analysis (Le Traon et al. 1998). The daily Absolute Dy-229

namic Topography maps are then produced by adding the Mean Dynamic Topographic data230

deduced from oceanic observations and an ocean general circulation model to the Sea Level231

Anomaly (Rio et al. 2013).232

3. Current Feedback Impact on the Circulation233

a. Mean Circulation234

The mean atmospheric surface circulation is fairly represented in both NOCURR and235

CURR with respect to the observations (see arrows in Fig. 1), and is characterized by the236

presence of the prevailing wind in the southern part of the domain and by the influence of237

the South Atlantic Anticyclone, which induces equatorward surface wind along the Namibia238

and Angola coasts. The Mozambique Channel is characterized by a west-northward surface239

stress and by the presence of an anticyclonic circulation south of Madagascar. The mean240

biases of the zonal and meridional surface stress components are weak (not shown) and241
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close to the associated error of the observations: 0.011Nm−2 and 0.013Nm−2 (0.010Nm−2
242

and 0.011Nm−2) for NOCURR (CURR) with respect to the SCOW estimates (Risien and243

Chelton 2008).244

Figure 2 depicts the mean surface stress curl (colors) and the mean surface current245

vorticity (contours) from the observations (SCOW and AVISO) and the simulations. The246

presence of the AC has a very clear effect on the surface stress curl and on the surface current247

vorticity. A positive and negative surface stress curl along the AC arises in QuikSCAT and248

in CURR, but not in NOCURR (Fig. 2). This stress curl can have two origins: 1) the249

SST feedback to the atmosphere (present in both CURR and NOCURR), and 2) the direct250

effect of the surface current on the surface stress. Small et al. (2008) provide a review of251

the different mechanisms related to the SST feedback to the atmosphere. For example, a252

strong SST front can act on the wind profile. By stabilizing the air column, the Marine253

Boundary Layer shallows and decouples from the wind aloft, inducing a weakening of the254

surface wind and, thus, a weakening of the surface stress. Here, as depicted in Fig. 3,255

the wind curl in CURR and the difference in wind curl between CURR and NOCURR are256

clearly marked by the presence of the AC and have, thus, a very similar spatial pattern than257

the surface stress curl in CURR (Figure 3c). In CURR, the wind has an opposite response258

to the surface stress (and does not correspond to weak changes in the Marine Boundary259

Layer as mentioned in Sec. 5). When the mean currents are moving in the same (opposite)260

direction as the wind, the current feedback decreases (increases) the mean surface stress up261

to 0.2 N m−2 (τ = Cd ρa (Ua − Uo)2 < Cd ρa (Ua)
2, where Cd is the drag coefficient). Less262

(more) surface stress induces less (more) surface friction and then allows the surface wind263

to accelerate (weaken). As a result, a positive surface current vorticity induces a negative264
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surface stress curl, which in turn generates a positive wind curl. This is consistent with265

Chelton et al. (2004), over the Agulhas Basin, the strong mean surface currents (about266

1ms−1 for the AC) induce a positive and negative stress curl in QuikSCAT and in CURR,267

but not in NOCURR. Scatterometers measure the actual surface stress that depends on the268

difference between wind and ocean velocities (Chelton et al. 2004). CURR, unlike NOCURR,269

estimates the surface stress using the difference between wind and ocean velocities. Note270

that the QuikSCAT wind product does not reproduce the wind response to the stress changes271

induced by the current feedback because they are by definition a 10 m neutral wind estimated272

from the measured pseudo-stress without removing the current influence (not shown).273

From an oceanic point of view, in CURR the AC surface current vorticity is better274

represented with respect to the observations because of a more realistic energy balance275

between the Ocean and the Atmosphere. The large values of negative surface stress curl276

along the African coast are mainly induced by the presence of the orography and coastline277

meandering (Renault et al. 2016b; Desbiolles et al. 2016), they may be underestimated by278

the QuikSCAT products due to the contamination of the land and the satellite coastal blind279

zone (Renault et al. 2009). From NOCURR to CURR, the current feedback improves the280

realism of the surface stress curl, but also, as detailed hereafter, improves the realism of the281

mean oceanic circulation.282

Figure 1 depicts the FmKmg as estimated from the observations (using AVISO and283

SCOW) and the simulations. As depicted in Fig. 1ad, five specific regions are consid-284

ered: the whole domain, the Mozambique channel, the AC, the AC Retroflection, and the285

Agulhas Current Return (ARC). FmKmg is generally positive because the surface currents286

mainly flow in the same direction as the surface stress, but it also presents large negative287
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values, where the mean AC flows in the opposite direction from the surface stress. This288

large deflection of energy from the ocean to the atmosphere is underestimated in NOCURR289

(by 50%) because it neglects the surface current when estimating the stress and, therefore,290

does not represent the positive surface stress curl collocated over the AC (Fig. 2). Overall291

NOCURR overestimates FmKmg with respect to the observations by 35% over the whole292

domain, and in particular by 50%, 67%, and 10% over the Mozambique Channel, the AC293

retroflection, and the ARC. This could be partly due to the spatial resolution and smoothing294

used in AVISO, however, in CURR, when taking into account the surface current into the295

estimation of the surface stress, the FmKmg biases are largely reduced. From NOCURR to296

CURR, FmKmg is reduced by 12% over the whole domain. The main changes occur where297

the current is the largest, i.e., along the Mozambique Channel where FmKmg is reduced by298

20%; and over the AC, where FmKmg is increased (negatively) by 74% (Fig. 1d). Over299

the AC retroflection and the ARC, FmKmg is reduced by 18%, and 8%. The FmKmg im-300

provement from NOCURR to CURR is partly explained by the surface stress changes, but301

also as inferred after, from an adjustment of the surface currents. FmKmg in CURR still302

has some biases with respect to the observations of 21% over the whole domain. While303

some of these are obviously due to model bias, there is possible an underestimation of the304

mean current in AVISO (Rio et al. 2011, 2013). Note, locally, the wind has an annual cycle305

that can change its direction, e.g., near 34◦S: the wind can blow toward the same direction306

as the surface current (positive FmKmg) or in the opposite direction as the surface current307

(negative FmKmg). In the case of wind blowing in the same direction as the surface current,308

the current feedback will reduce the surface stress, and, therefore, positive FmKmg. If it is309

blowing in the opposite direction, the current feedback re-inforces the surface stress stress310
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(i.e., it becomes more negative), increasing the deflection of energy from the ocean to the311

atmosphere (i.e., more negative FmKmg). In any event, from an energetic point of view, the312

effect of the current feedback is the same, it reduces the available energy of the ocean.313

Figure 4 depicts the mean surface geostrophic currents from AVISO and from the simula-314

tions, and the total depth integrated Kinetic Energy (KE) evaluated over the whole domain,315

and the same regions used for the FmKmg analysis (black boxes on Fig. 1a). The mean316

surface geostrophic currents are better represented in CURR: the AC path is narrower and317

the AC retroflection is more realistic (see Sec. 4). In the observations and in CURR, at the318

surface, the AC reaches on average a maximum velocity of 1.1 ms−1, whereas in NOCURR,319

due to a too persistent Eastern retroflection (Sec. 4), it reaches only 0.8 ms−1. Consequently,320

the Good Hope Jet reaches values of 0.4 ms−1 in CURR and in AVISO, vs. 0.3 ms−1 in321

NOCURR. This may alter the interactions between the AC and the Benguela Current. As322

pointed out by e.g., Penven (2000), in both simulations and AVISO, the currents are weak on323

the Agulhas Bank. From NOCURR to CURR some other biases are reduced, as for example324

the too strong and persistent currents between the Natal Bight and Madagascar and over325

the AC Retroflection and the ARC. As for the north Atlantic Basin (Renault et al. 2016c),326

the reduction of FmKmg globally slows down the mean circulation (except for the AC due327

to the changes in the AC retroflection where the EKE increases by 10%), and hence reduces328

the KE by 16%, 15%, 13%, and 20% over the whole domain, the Mozambique Channel, the329

AC retroflection, and the ARC, respectively (Fig. 4d). The slow down of the circulation,330

and hence the weakening of the geostrophic surface currents, associated with the surface331

stress changes, explains the reduction of FmKmg from NOCURR to CURR. Finally, at 32◦S,332

NOCURR and CURR simulate a southward transport of 81 Sv and 78 Sv, respectively,333
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which is consistent with Beal et al. (2015), and with the Biastoch et al. (2009) results for the334

2000-2004 period (Fig. 9 from Biastoch et al. 2009). As shown by Renault et al. (2016c),335

over a larger domain the current feedback may slow down the circulation over the full Indian336

Gyre, which could further reduce the AC transport and KE.337

b. Eddy Kinetic Energy and Mean Pathway of Energy from the Ocean to the Atmosphere338

For the EKE analysis, five regions of interests are considered (Figure 5ad): the whole339

domain, the Mozambique Channel, the AC retroflection, the ARC, and the Benguela. The340

surface geostrophic EKE is estimated using the daily geostrophic surface current perturba-341

tions from AVISO and from the experiments (Fig. 5). The EKE is larger over the Agulhas342

Basin south of South Africa and over the Mozambique Channel (in agreement with the lit-343

erature e.g., Ducet et al. 2000; Penven et al. 2006). NOCURR overestimates the EKE with344

respect to AVISO over the whole domain by 75%, and, in particular, by 59%, 47%, 77%, and345

40% over over the Mozambique Channel, the AC retroflection, the ARC, and the Benguela,346

respectively. This could be partly explained by the smoothing used in AVISO. There are347

eddies in the real ocean that have scales smaller than can be resolved by the AVISO dataset348

(e.g., Chelton and Schlax 2003). However, a significant portion of the discrepancy is due to349

the lack of current feedback in NOCURR that, as shown in Fig. 6 and 7 induces a deflection350

of energy from the ocean to the atmosphere at eddy-time-scale. From NOCURR to CURR,351

the EKE is reduced by 25% over the whole domain, and, in particular, by 30%, 17%, 28%,352

and 22% over the Mozambique Channel, the AC retroflection, the ARC, and the Benguela353

region, largely improving the realism of the simulation. The EKE in both NOCURR and354
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CURR is larger than the EKE estimated by Loveday et al. (2014), this is likely due to a355

smoother topography in their model and to their coarser spatial resolution ( 9.2 km over the356

Agulhas retroflection in Loveday et al. 2014, vs. 4.8 km here).357

Figure 6 depicts the relevant eddy-mean conversion terms estimated from NOCURR and358

CURR. Consistent with e.g., Halo et al. (2014), the barotropic conversion from mean to359

eddy (KmKe) is the main driver of the EKE over the Mozambique Channel, it generates360

the Natal Pulses that can induce upstream retroflections of the AC (e.g., Lutjeharms and361

Van Ballegooyen 1988a; Rouault and Penven 2011). The EKE over the Agulhas Basin region362

is partly driven by the Natal Pulses advected from the Mozambique Channel (Biastoch et al.363

2009; Rouault and Penven 2011), but also driven locally by KmKe (Fig. 6). Finally, for364

the Benguela, unlike the other eastern boundary upwelling systems, the mesoscale activity365

does not originate from the coast, but from the shedding of Rings and eddies at the AC366

retroflection (Matano and Beier 2003; Veitch et al. 2010).367

Two pathways of energy can explain the EKE reduction from NOCURR to CURR. Figure368

6cd shows the mean PeKe and KmKe integrated over the Mozambique Channel, the AC369

retroflection, the ARC, and the Benguela (black boxes in Fig. 5a). First, there is a reduction370

of the available mean energy over the whole domain (due to the reduction of FmKmg). This371

causes a reduction of the barotropic conversion from mean kinetic energy to EKE (KmKe)372

over the whole the domain (by 15%), but also specifically over the Mozambique Channel and373

the ARC (by 8% and 17%, respectively), whereas PeKe is barely impacted (up to 5% over374

the Mozambique Channel). The EKE reduction of the Agulhas Basin region is thus partly375

explained by the local reduction of KmKe and partly by a reduction of the Natal Pulses376

generation in the Natal Bight. The second pathway of energy is a mechanical damping377
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(e.g., Dewar and Flierl (1987); Duhaut and Straub (2006); Dawe and Thompson (2006);378

Eden and Dietze (2009)), i.e., a deflection of energy from the oceanic geostrophic currents379

(eddies) to the atmosphere, which acts as an eddy killer (Renault et al. 2016d). Over an380

oceanic eddy, when taking into account the surface current into the estimation of the surface381

stress, there is a reduction of the positive FeKeg and an increase of the negative FeKeg,382

leading to a net negative FeKeg. In Fig. 7, FeKeg is estimated from the experiments and by383

using the geostrophic currents from AVISO and the surface stress from a QuikSCAT product384

(Bentamy et al. 2013). Along the coast, the wind perturbations induce an offshore Ekman385

surface current and an oceanic coastal jet (e.g., Renault et al. 2012) that partially flows in the386

same direction as the wind, inducing a positive FeKeg (Renault et al. 2016d). In agreement387

with the literature (e.g., Renault et al. 2016c, Scott and Xu 2009), the observations also388

reveal a pathway of energy from the ocean to the atmosphere over all the domain and in389

particular over the Agulhas Basin region. This large scale pathway of energy from the ocean390

to the atmosphere is induced by the current feedback. CURR has slightly larger values of391

FeKeg with respect to the observation estimate (by 5%); this may be certainly explained392

by model biases (e.g., too large an EKE would deflect too large amount of energy from the393

ocean to the atmosphere) but also explained by the smoothing used in AVISO (e.g., Chelton394

and Schlax 2003). NOCURR does not reproduce the negative FeKeg, because it ignores the395

currents influence on the surface stress. FeKeg and KmKe are the main driver of the EKE396

reduction from NOCURR to CURR over the Mozambique Channel and over the Agulhas397

Basin (both AC retroflection and ARC), FeKeg having the main contribution. Finally, for398

the Benguela, because most of the mesoscale activity originates from the shedding of Rings399

and eddies in the AC retroflection (Matano and Beier 2003; Veitch et al. 2010), the reduction400
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of the EKE over the Agulhas Basin and the eddy killing (negative FeKeg) explain the EKE401

reduction from NOCURR to CURR. The negative FeKeg is by definition linked to the current402

feedback (Eq. 5) because the surface stress is estimated using the surface current (Eq. 2 and403

3). For instance, the monthly timeseries of EKE and FeKeg averaged over the ARC box have404

a temporal correlation of 0.7 (σ > 95%, not shown). Here, again, the seasonal cycle of the405

wind that can induce a change locally in wind direction is not relevant. The negativeness of406

FeKeg when using the current feedback does not depend on the wind direction (see Fig. 5407

from Renault et al. 2016d).408

4. Mean Agulhas Retroflection and Leakage409

a. Agulhas Retroflection410

The lack of current feedback acts on the circulation through two direct effects: a reduction411

of the FmKmg with a slow down of the circulation and a dampening of the mesoscale activity.412

Those changes have an impact on the AC retroflection. Figure 5 depicts the mean SSH from413

AVISO and from the experiments. NOCURR is characterized by the presence of two too414

persistent standing eddies nearby Port Elizabeth (around 36◦S - 32◦E), and over the AC415

retroflection. The eastern standing eddy is induced by the Natal Pulses that propagate from416

the Natal Bight and eventually merge with the AC near Port Elizabeth around 36◦S - 32◦E417

(e.g., Rouault and Penven 2011) but also from eddies from the ARC, which detach and418

propagate westward (McWilliams 1985) toward Port Elizabeth where they can die, merge,419

and/or recirculate. This process is thought to induce upstream retroflection of the AC420
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(Lutjeharms and Van Ballegooyen 1988a). The western standing eddy induces a southern421

location of the AC retroflection with respect to AVISO. In CURR, the dampening of the422

EKE by negative FeKe (eddy killing) and also by the reduction of KmKe (that reduces the423

generation of the Natal Pulses) weakens the persistence of the two standing eddies, improving424

the realism of the AC mean path and its retroflection with respect to AVISO. In particular,425

the retroflection is shifted toward the north, improving its realism (See Fig. 4).426

As in Backeberg et al. (2012) and Loveday et al. (2014), the retroflection extent is de-427

rived for the period 2000-2004 via a sea surface height contour from AVISO and from the428

simulations (Sec. 2e and Fig. 8b). Retroflection position distributions are then spatially429

binned into 0.5◦ longitudinal boxes (bins are determined using a Freedman-Diaconis rule),430

producing a zonal probability density function for AVISO and for each experiment (Fig.431

8abc). The peaks’ significance is assessed using a bootstrap method: the probability density432

function of the retroflection position is computed 100,000 times using random samples from433

the distribution. The error bars are defined as ± the standard deviation of the obtained434

bins values. To determine the regimes of variability of the AC retroflection, Gaussian fits435

are then applied on the significant peaks of the probability density function. The spatial436

extensions of the regimes are derived from the standard deviation of the Gaussian fits ±437

their 95% significant bounds.438

The AVISO zonal probability density function (Fig 8d) is largely characterized by the439

presence of the five regimes of variability. The two first dominant regimes are characterized440

by a Central AC retroflection between 15.2◦E and 20◦E (mean at 17.3◦E) in 51% of the441

occurrences for the first regime; and by a Western retroflection between 12.5◦E and 15.3◦E442

(mean at 14◦E) in 24% of the occurrences for the second regime. The probability density443
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function highlights two other kinds of retroflections: another Western retroflection (mean444

at 9.2◦E) in 1% of the occurrences, and an Eastern retroflection (or upstream, Fig. 8d)445

defined by two regimes of variability around 23◦E and 27◦W, representing 3% and 2% of the446

occurrences, respectively.447

Numerical models have persistent issues realistically representing the AC retroflection and448

its variability (e.g., Loveday et al. 2014). From NOCURR to CURR, there is a westward449

shift of the mean AC retroflection (Fig. 4). NOCURR simulates the mean position of450

the AC retroflection around 19.5◦E with a too large zonal variability of its reflection with451

respect to the observations (Fig. 8). Part of the discrepancies in NOCURR come from452

a poor representation of the regime of AC retroflection variability: the dominant regimes453

are the two Eastern retroflections (29% and 19%). The Central retroflection does not have454

a peak in the probability density function estimated from NOCURR. It is included in an455

Eastern retroflection mode, representing 22% of the occurrences. The Eastern retroflection456

is believed to be induced by the Natal Pulses, which merge near Port Elizabeth and cause a457

short-cut of the AC (Biastoch et al. 2008c; Rouault and Penven 2011). It could also be due458

to eddies from the ARC, which detach and propagate westward (McWilliams 1985) toward459

Port Elizabeth where they can die, merge, and/or recirculate. The too strong mesoscale460

activity in NOCURR reinforces the Eastern category (i.e., the upstream AC retroflection).461

In CURR, the weakening of the mesoscale activity improves the representation of the462

AC retroflection, despite some persistent biases. The mean AC position is very close to the463

observations, around 15.3◦E but, as in NOCURR, it has a too large variability. The current464

feedback in CURR dampens the EKE and, in particular, the Natal Pulses and their influence465

on the EKE over the Agulhas Basin. This diminishes the importance of the Eastern retroflec-466
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tion regimes, allowing a shift toward the West of the retroflection distribution. Indeed, in467

CURR, the main regime of variability is the Eastern retroflection that, as in NOCURR,468

also includes the Central retroflection detected from the observations (between 13◦E and469

16◦E). The other Western retroflection is centered at 6.5◦E and is slightly over-represented470

(4%). The remaining over-representation of the Eastern retroflection is likely due to an471

overestimation of the EKE in CURR that may be the consequence of the biases in FmKmg,472

and too large a KmKe (Fig. 1 and 6). Figure 8e depicts the mean EKE averaged over the473

Eastern regime mode periods. The very large anomalies of EKE near Port Elizabeth (more474

than twice the long- term mean values) likely induce a short-cut of the AC and, thus, an475

Eastern AC retroflection. This relationship between EKE and AC is in good agreement with476

Backeberg et al. (2012) and Beal and Elipot (2016). Finally, to discard an eventual effect477

of the atmospheric forcing in our simulation (WRF) on the representation of the third cate-478

gory (Eastern retroflection), an additional uncoupled simulation has been carried out using479

climatological forcing (e.g., QuikSCAT stress) as in e.g., Capet et al. (2008a), with the same480

spatial resolution as NOCURR and CURR. That simulation has similar characteristics to481

NOCURR in terms of EKE and AC retroflection and, in particular, has an overestimation482

of the standing eddies.483

b. Mean Agulhas Current Leakage484

The AC leakage is difficult to estimate. Observations and numerical models present a485

wide range of estimates varying from 2 Sv to 15 Sv (de Ruijter et al. 1999a; Richardson486

2007; Rouault et al. 2009; van Sebille et al. 2010; Chen et al. 2016). van Sebille et al. (2010)487
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apply a method developed by Rouault et al. (2009) to estimate the AC leakage based on an488

estimation of the Eulerian transport of discriminate temperature (Θ > 14.6 ◦C) and salinity489

(Σ > 35.33). The Eulerian flux FΘΣ as a function of threshold temperature and threshold490

salinity is491

FΘΣ =

∫ ∞
θ=Θ

∫ ∞
σ=Σ

V (θ, σ)dσdθ , (8)

where V (θ, σ)dσdθ is the flux through all grid cells with temperature θ and salinity σ. In492

NOCURR and CURR, through the Good Hope Line, FΘΣ is 5.0 Sv and 6.1 Sv, respectively,493

which is comparable to the estimates from van Sebille et al. (2010). The magnitude of the494

AC leakage is underestimated by FΘΣ; however, van Sebille et al. (2010) demonstrate the495

existence of a linear relationship between the total magnitude of Agulhas leakage and FΘΣ:496

EAL = 2 ∗ FΘΣ + 1.9 Sv . (9)

Using Eq. 9, the total AC leakage from NOCURR and CURR is 11.9 Sv and 14.1 Sv,497

respectively, which are both weaker than the van Sebille et al. (2010) estimates but similar498

to the recent estimates from Chen et al. (2016). This may be due to the over-representation499

of the upstream retroflection. However, both NOCURR and CURR estimated leakages are500

within the wide range of previous estimates (de Ruijter et al. 1999a; Richardson 2007; van501

Sebille et al. 2010). The changes from NOCURR to CURR (although the current feedback502

to the atmosphere weakens the EKE, and slows down the circulation) lead to an increase of503

the Agulhas leakage. This counter-intuitive result is consistent with the reduction of the AC504

Eastern retroflection regimes from NOCURR to CURR. The AC retroflection is more often505
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around 15◦E, allowing a larger leakage into the Atlantic Ocean, this is consistent with the506

Van Sebille et al. (2009) finding.507

As discussed in e.g., Beal et al. (2011), there are still uncertainties on the origin of the508

leakage variations. Here, as shown in Fig. 8e, the Eastern retroflections are linked to the509

presence of large EKE values near Port Elizabeth that short-cut the AC. Therefore, there510

is a possible link between the EKE near Port Elizabeth and the AC leakage. Using CURR,511

the timeseries of EKE and FeKeg have been computed over the region, where the EKE is512

large during the Eastern retroflection (black box on Fig. 8e). The resulting timeseries and513

the leakage are then low-pass-filtered (fc = 180days). Lag-correlations between the EKE514

and the leakage are finally computed (Figure 9). First, not surprising, a large significant515

(σ > 95%) correlation of 0.93 is found between the EKE temporal variations and the FeKeg:516

a large EKE induces a large transfer of energy from the ocean to the atmosphere (negative517

FeKeg). More interesting, a large significant (σ > 95%) correlation of 0.46 (σ > 95%) is518

found between the EKE and the leakage. Using a lag of 150 days between the EKE and the519

leakage, the correlation increases to 0.68 (σ > 95%). The EKE grows in that region likely due520

to a barotropic generation of eddies and to the merging of Natal Pulses and eddies detaching521

from the ARC and propagating westward. To some extent the EKE activity becomes large522

enough to short-cut the AC, weakening the AC leakage. A similar relationship is found using523

NOCURR (not shown). From NOCURR to CURR, the weakening of the EKE driven by524

the negative FeKeg leads to a large reduction of the EKE, and then to an increase of the AC525

leakage. This is consistent with van Leeuwen et al. (2000) and also with Van Sebille et al.526

(2009) that show a more frequent westward retroflection leads to more leakage, but not with527

Biastoch et al. (2008c), who suggest Natal Pulses and the induced upstream retroflection do528
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not have an influence on the AC leakage. Our results are also partially in disagreement with529

Rouault et al. (2009) that shows (using a 0.25◦oceanic model) an increase in the leakage530

is associated with an increase in Agulhas Current transport near Port Elizabeth. From531

NOCURR to CURR, the AC is weakened at 32◦S but is increased downstream of Port532

Elizabeth.533

Finally, to confirm the leakage estimates and the alteration of the Agulhas Rings corridor534

by the current feedback, the trajectories of numerical Lagrangian floats are integrated using535

the ARIANE package (Blanke et al. 1999). Similar to e.g., Biastoch et al. (2008b), and536

van Sebille et al. (2010), particles are seeded every day in a 300 km zonal section of the537

Agulhas Current core at 32◦S (up to 1500 m depth, about 3.106 particles in total). Then,538

the particles are advected using the daily mean velocity fields over a time span of 4.5 years539

(2000-2004) in NOCURR and CURR and intercepted along the section depicted in Fig. 8e.540

Two sections are considered in the south Atlantic Ocean: one along 0◦E up from 45 ◦S to541

25◦S, and one along 25◦S from 0 ◦E to the coast. An average leakage is then evaluated by542

ARIANE by counting the particles that flow through the control sections in the Atlantic543

Ocean. In the simulation without current feedback (i.e., NOCURR), about 10.6 Sv reaches544

the northern/western sections in the Atlantic, whereas 12.9 Sv reaches those them in CURR.545

Consistent with our previous results, the current feedback in CURR allows a larger leakage546

of the AC of about 2.3 Sv (21%). In CURR, the western offshore leakage is larger by 2.0 Sv547

(from 8.5 Sv to 10.5 Sv), and by 0.3 Sv through the northern section (from 2.1 Sv to 2.4 Sv).548

Both estimates are within the wide range of leakage estimates (from 2 Sv to 15 Sv) from549

the observations and numerical models (de Ruijter et al. 1999a; Gordon 2003; Richardson550

2007; Van Sebille et al. 2009; Biastoch et al. 2008c,b,a; Putrasahan et al. 2015a; Chen et al.551
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2016). Our previous estimates, based on the method developed by Rouault et al. (2009),552

predict a larger leakage in both simulations (11.9 Sv and 14.1 Sv in NOCURR and CURR,553

respectively); however, the differences are within the confidence band of 11.6 Sv for that554

method (van Sebille et al. 2010).555

c. Mean Pathway of the Agulhas Current Leakage556

By modulating the circulation over the Agulhas Basin region, the current feedback to the557

atmosphere modulates the AC retroflection position and the AC leakage itself. As shown by558

Renault et al. (2016d), the current feedback reduces the eddy life and rotational speed, and559

limits their offshore propagation. It may, therefore significantly alter the propagation of the560

Agulhas Rings and change their mean corridor of propagation, spreading in a different way561

the saltier and warmer water of the Indian Ocean into the south Atlantic Ocean. The Agulhas562

Rings corridor is first evaluated by determining the envelope of the mean geostrophic EKE563

larger than 90% of its maximal latitudinal value from each experiment (Fig. 10a). The 90%564

EKE envelope is then zonally smoothed over a distance of 150 km. The surface geostrophic565

EKE used here is mainly due to the Agulhas Rings: the Agulhas cyclones are weaker,566

propagate southwestward counter to the South Atlantic Current and do not translate as far567

as the Rings (Richardson 2007). In both simulations, the Agulhas Rings go north as they568

move West. However, the current feedback clearly alters the way how they propagate and,569

therefore, the Agulhas Rings corridor. There are two main impacts. First, in CURR, the570

shedding of the eddies is shifted about 1.1◦ toward the north with respect to NOCURR,571

and its orientation is less southward. This is consistent with Fig. 5, which depicts a mean572
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retroflection located more to the south in NOCURR. Second, in CURR, the Agulhas Rings573

are dampened by the current feedback and then go less far north than in NOCURR: at574

15◦E to 5◦E, the 90% EKE is centered around 39◦S and 33◦S in NOCURR; in CURR, it is575

centered around 38◦S and 36◦S. Further West than 5◦, the mean EKE in CURR is too weak576

to draw any conclusion.577

To confirm the alteration of the Agulhas Rings corridor, the meridional distribution of the578

surface geostrophic EKE is evaluated along three sections at 15◦E, 7.5◦E, and 0◦(Fig. 10b).579

For each daily snapshots over the period 2000-2004, the EKE distribution is estimated using580

bin sizes of 0.05 m2s−2. In CURR, at 15◦S, consistent with the other results, the shedding of581

the eddies is situated at 38◦S vs. 39.4◦S in NOCURR. The Agulhas Rings in CURR go less582

far north than the ones in NOCURR. In NOCURR, the largest EKE regions are situated583

around 39.4◦S, 33◦S, and 32◦S, along the sections at 15◦E, 7.5◦E, and 0◦, whereas in CURR,584

the largest EKE distribution is around 38◦S at 15◦E, and then it is situated at 36.5◦S and585

35.4◦S along the section 7.5◦E and 0◦. This is confirmed by the particles analysis of the586

previous section. The particles intercepted at the western section (i.e., the section along587

0◦E) are centered around 32.2◦S, and 34.8◦S in NOCURR and CURR, respectively. Similar588

results are found using the salinity at 1000 m depth as a tracer.589

d. Water Masses Changes590

The changes of AC leakage and the Agulhas Rings corridor have an impact on the spread591

of the warmer and saltier water masses from the Indian Ocean into the south Atlantic Ocean.592

Figure 11a depicts the mean SST difference between NOCURR and CURR. CURR has a593
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warmer SST over the Agulhas Basin region (up to 1.5◦C) and over the Benguela Upwelling594

System (0.8◦C). The net heat flux over the Agulhas Basin is more negative in CURR than595

in NOCURR (by 10%, mostly driven by the turbulent heat fluxes), inducing a larger heat596

transfer from the ocean to the atmosphere. It is not significantly changed over the Benguela597

region. The warming of the Benguela and of the Agulhas Basin is actually explained by a598

larger transport of warm water from the Indian Ocean to the Atlantic Ocean in CURR with599

respect to NOCURR. First, along the Agulhas Basin, the AC is more intense and Rings600

carry warmer surface water from the Indian Ocean. That explains the warmer SST and601

the larger negative turbulent fluxes over the Agulhas Basin. Second, the larger leakage and602

the more intense Good Hope Jet bring warmer surface water into the Benguela upwelling603

system. In Fig. 11b, a binned Temperature-Salinity diagram exposes the mean hydrological604

characteristics of the water masses of the south Atlantic from the simulations (see box in Fig.605

11a). The temperature and salinity values are computed by averaging the temperature and606

the salinity over bins of potential density of 0.1 kg.m−3. Because the mean water masses are607

not significantly changed below 1000 m depth, only the water masses with a depth shallower608

than 1000 m are shown. In CURR, the stronger leakage provides warmer and saltier water at609

depth between 800m and 200m, and, consistent with Fig. 11a), warmer water at the surface610

(by 0.8◦C). From NOCURR to CURR, the changes in temperature at depth (up to 0.5◦C at611

500 m depth around the Good Hope Line) are due to a larger temperature flux across the612

Good Hope Line from NOCURR and CURR that increases from 0.4PW to 0.48PW. This is613

consistent with Rouault et al. (2009) who estimate the increase in the past two decades in614

Agulhas Current transport induces an interocean heat anomaly exchange increase of about615

0.2 PW/decade, leading to a warming of the temperature up to 1.5◦per decade at depth.616
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The current feedback to the atmosphere has, therefore, two main impacts on the Benguela.617

It reduces the mesoscale activity and alters its water masses properties, which could partly618

explain the SST biases in e.g., Veitch et al. (2010).619

5. Atmospheric Response620

When coupling the atmosphere to the oceanic currents, the reduction in air-sea velocity621

difference reduces the stress acting on the wind and allows it to accelerate. In that sense,622

the oceanic surface currents partially drive the atmosphere which in turn re-energizes the623

ocean (Renault et al. 2016d). As discussed in Sec. 3.3, the effect of the current feedback624

on the mean wind is clearly highlighted in Fig. 3. Over the Agulhas Current, a reduction625

of the surface stress induced an increase of the surface wind, and vice versa. Renault et al.626

(2016d) demonstrate the existence of a linear relationship between the surface currents and627

the surface wind. They define the current-wind coupling coefficient sw from the slope of that628

linear relationship. For the U.S.West Coast, Renault et al. (2016d) found a sw = 0.23. Here,629

sw is estimated at each grid point using the fully coupled experiment (CURR) over the period630

2000-2004, only the sw with a σ > 0.95 using a F-test is used. As in Renault et al. (2016d),631

the coastal band (150 km wide) is not taken into account because of the strong influence632

of the orography and coastline meandering on the wind that can hide the influence of the633

currents (Renault et al. 2016b). Figure 12a depicts the sw spatial distribution smoothed over634

100 km. It shows sw is not constant and varies from 0.1 to 0.5 (adimensional). Figure 12b635

depicts the structure of the coupling coefficient sw over the Agulhas Return Current (similar636

behavior is found over other regions). There is a sharp vertical decay of the influence of the637
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current on the wind: the current feedback mainly acts on the surface wind but consistent638

with Renault et al. (2016d); its effect can be felt up to 350 m. However, it remains weak639

with respect to the wind velocities (e.g., at 350m, a sw of 0.05 induces a wind response of640

5cm, which is weak compared to wind velocities of 15 m s−1). sw depends on the currents641

magnitude and on the background wind (Renault et al. 2016d; Gaube et al. 2015). It also642

depends on the Marine Boundary Layer Height. To highlight it, a binned scatterplot of643

the mean Marine Boundary Layer Height and sw is estimated over the whole domain using644

bins of 50m for the Marine Boundary Layer Height (Fig. 12b). It shows a clear linear645

relationship (σ > 0.95 using a f-test) between the Marine Boundary Layer Height and sw: a646

deeper Marine Boundary Layer induces a weaker sw. This is consistent with Fig. 10 from647

Renault et al. 2016d that shows the energy deflected from the ocean to the atmosphere by648

the current feedback that is distributed over the entire Marine Boundary Layer.649

From an atmospheric point of view, the current feedback induced changes remain weak650

with respect to the wind velocities. However, the atmosphere can be impacted through in-651

direct effects on the current feedback. As discussed in the previous section, from NOCURR652

to CURR, the SST over the AC retroflection and the southern Benguela warm up to653

1.5◦. This warms up the atmosphere and alters the mean precipitation from NOCURR654

to CURR. The change in mean precipitation over the period 2000-2004 is defined as Crain =655

rainCURR−rainNOCURR×100
rainNOCURR

. A positive Crain indicates an increase of the precipitation from656

NOCURR to CURR. Only the Crain significant (σ > 0.95) using a t-test are shown in Fig.657

13. Over the AC retroflection and the southern Benguela, the current feedback SST warm-658

ing causes twice the precipitation rate (from 1.5 mm days−1 to 2.2 mm days−1, see Fig.659

13). The other regions of the domain are not significantly impacted by the current feedback.660
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Other variables such as cloud cover or Marine Boundary Layer Height are only marginally661

impacted by the SST changes (less than 5%, not shown)662

6. Discussion and Conclusions663

Using oceanic and atmospheric coupled simulations, we assess how the current feedback664

to the atmosphere modulates the transfer of energy between the atmosphere and the ocean665

(wind work), and how it alters the Agulhas Current (AC) retroflection and leakage. Our666

results on the modulation of the wind work by the current feedback can be compared to the667

findings of Renault et al. (2016d,c). Here, the current feedback attenuates the mean transfer668

of energy from the atmosphere to the ocean (mean wind work) by 12%. This is less than669

the weakening for the north Atlantic (Renault et al. (2016c), 30%), but is more than the670

U.S. West Coast (no significant changes). The mean wind work is reduced by the current671

feedback only if the mean currents are strong enough, which is not the case of the U.S. West672

Coast (mean currents of less than 0.2 ms−1). Here, the mean wind work could be further673

more reduced by including the full Indian Ocean Gyre in our domain. As shown by Renault674

et al. (2016c), this could slow down the mean circulation, and therefore could reduce the675

mean wind work over the Madagascar Channel and the Agulhas Basin region. Consistently,676

the weakening of the mean wind work slows down the mean circulation by 15% (against 27%677

for the north Atlantic). This furthermore locally reduces the barotropic conversion of energy678

from mean to eddy by 15%, weakening the EKE generation over Madagascar Channel, and679

the Agulhas Basin region. As shown by e.g., Renault et al. (2016d), the current feedback680

induces a surface stress curl opposite to the current vorticity that deflects energy from the681

32



geostrophic current into the atmosphere and dampens eddies. It induces a mean pathway of682

energy from the ocean to the atmosphere over all the AC. As a result, the EKE is drastically683

reduced by 25% over the whole domain. The deflection of energy can be between two and684

three times larger over the Agulhas Basin region and the Gulf Stream compared to the U.S.685

West Coast (Renault et al. 2016d,c). There is a strong correlation between eddy windwork686

and EKE: the larger the EKE is, the larger the sink of energy is.687

An indirect effect of the current feedback is an improvement of the representation of the688

mean AC dynamic. Using the available observations, we show the AC retroflection can be689

classified in five regimes of variability: the two first regimes can be identified as Central690

retroflection and a Western retroflection. They represent 51% and 24% of the occurrences,691

respectively. The third category is another Western retroflection. Finally, the fourth and692

fifth regimes are Eastern retroflections (Upstream retroflection) that are related to a large693

EKE near Port Elizabeth and likely to the Natal Pulses. The simulation without current694

feedback (NOCURR) has a too frequent upstream retroflection because it overestimates the695

EKE and the presence of a standing eddy near Port Elizabeth. By dampening the eddy696

activity, the current feedback in CURR weakens the influence of the standing eddy on the697

retroflection, improving its representation.698

We then evaluated the AC leakage using Lagrangian particles and the method developed699

by Rouault et al. (2009) and tested by (van Sebille et al. 2010). By changing the AC dynamic700

we show the current feedback increases the AC leakage by 21% from 10.6 Sv to 12.9 Sv. We701

highlight a relationship between the EKE near Port Elizabeth and the leakage: A large EKE702

can induce a short-cut of the AC and, thus, a weakening of the AC leakage. The larger703

leakage in CURR, compared to NOCURR, modifies the water masse characteristics of the704
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Western Agulhas Basin and of the Benguela region. It allows warmer SST (by 1.5 ◦C and705

0.8◦C, respectively), and saltier and warmer subsurface water. Finally, the mean offshore706

Agulhas Rings corridor is altered by the current feedback. The shedding of the eddies is707

shifted northward, and, the Agulhas Rings propagate less far north. This is consistent with708

McClean et al. (2011) and explains the improvement of the Agulhas Rings properties in their709

simulation.710

Consistently with previous studies, we show the atmosphere responds to the surface711

current. A reduction of the surface stress allows the surface wind to accelerate, the effect712

can be felt up to 350m. We further show the current-wind coupling coefficient sw depends713

on the Marine Boundary Layer height. Finally, we show the current feedback’ SST changes714

induces larger mean precipitation over the Agulhas Basin. An uncoupled simulation that715

estimates the surface stress using the wind relative to the surface current, but does not716

have a parameterization of the wind response to the current feedback overestimates the717

dampening of the eddies. It also overestimates the reduction of the mean input of energy718

from the atmosphere to the ocean (FmKm) and, therefore, the slow down of the circulation.719

Following Renault et al. (2016d), in uncoupled oceanic simulations the surface stress should720

be estimated with a velocity that is the wind relative to the current corrected by the current-721

wind coupling coefficient sw:722

U = Ua − (1− sw)Uo, , (10)

where Ua and Uo are the surface wind and the surface current, respectively. The parameter-723

ization suggested by Renault et al. (2016d) should be tested using different constant values724

of sw estimated from coupled simulations, but also, for regions that present a large spread of725
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sw values, using a spatial dependent sw. Such a parameterization should allow to reproduce726

the partial re-energization of the ocean, but also to simulate a realistic reduction of FmKm727

and the associated slow down of the circulation (as estimated from a coupled simulation).728

Dedicated studies should be done to assess what drives sw and its likely dependence on the729

Marine Boundary Layer parameterization in the atmospheric models. Global models with a730

not too coarse spatial resolution should be run for a long period to estimate sw globally. We731

intend to investigate this soon.732

The EKE in CURR is still overestimated with respect to AVISO. This could be partly due733

to the spatial resolution and smoothing used in AVISO. However, the upstream retroflection734

of the AC is still over-represented in the simulation with current feedback (CURR), likely735

because of a too large EKE. This could be due to an overestimation of the mean wind work736

leading to a too intense generation of the Natal Pulses by barotropic conversion of energy737

from mean to eddy. As stated before, a larger domain that includes the full Indian Ocean738

Gyre may induce a greater weakening of the mean circulation, the energy conversion from739

mean to eddy, and EKE in the Agulhas Basin region. This suggests global models, even740

if they do not resolve the mesoscale activity, should take into account the current feedback741

to the atmosphere to have a fair representation of the mean circulation and its possible742

modulation by climate change.743

The current feedback effect on the geostrophic wind work and its consequences on the744

oceanic circulation are the main focus of this study. However, the current feedback can745

have an effect on the ageostrophic motions too. First, the reduction of the mean surface746

stress induces a weakening of the Ekman current by roughly 8%. More interesting, the747

current feedback to the atmosphere has an indirect effect on the submesoscale motions.748
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Although the ageostrophic wind work (FeKea = 1
ρ0

(τ ′x u
′
oa + τ ′y v

′
oa), with uoa and voa be-749

ing the ageostrophic zonal and meridional surface currents, respectively) is only slightly750

impacted by the current feedback. It induces a weakening of the Ekman current. How-751

ever, a reduction of the mesoscale activity weakens the frontogenesis activity and, thus,752

the submesoscale motions. Figure 14 depicts the 2D KE spectra and 2D ageostrophic KE753

spectra as a function of the Wavelength (km) from NOCURR and CURR over the Mozam-754

bique Channel, the Agulhas Basin, and the Benguela. We defined the energy spectra change755

Cspectra = CURR−NOCURR
CURR

×100 as the relative change between NOCURR and CURR. A neg-756

ative Cspectra indicates a reduction of the energy from NOCURR to CURR. The ageostrophic757

submesoscale energy is reduced by 20% over the Mozambique and the Agulhas Basin; the758

effect over the Benguela region is weaker because of a less pronounced reduction of the EKE759

over that region. The model used here is only submesoscale-permitting (dx = 5km), this760

indirect impact should be further assessed by using a nesting procedure approach allowing a761

very high spatial resolution over the Agulhas Basin, as in e.g., Capet et al. (2008b) for the762

U.S. West Coast.763

The main effect of the current feedback is a dampening of the Eddy Kinetic Energy764

(EKE): it deflects energy from the ocean to the atmosphere. As shown by Gaube et al.765

(2015) and Renault et al. (2016d), it induces an additional Ekman pumping in the ocean766

that provides a mechanism for weakening an eddy. The SST feedback is potentially another767

important air-sea interaction. Seo et al. (2015) and Gaube et al. (2015) demonstrate the768

SST feedback can induce a comparable Ekman pumping velocity as the current feedback.769

However, it primarily affects the eddy propagation, with no effect on the amplitude, and770

in, any event, in that study both CURR and NOCURR have the SST feedback. This is771
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consistent with our results. The eddy windwork from NOCURR (that does not have the772

current feedback) is roughly equal to zero, e.g., over the Agulhas Retroflection and the773

Return Current. That means the thermal feedback does not induce any transfer of energy774

at eddy-scale from the ocean to the atmosphere, and does not dampen the EKE. However,775

although both CURR and NOCURR have the SST feedback, a weakening of the SST front776

of the Agulhas Ring in NOCURR may also partially explain the changes of the eddy corridor777

from NOCURR to CURR. To properly assess the SST feedback effect on the ocean, another778

coupled simulation should be integrated for a few years, yet, when coupling ROMS to WRF,779

a smoothed SST (i.e., without the mesoscale signal) should be sent to WRF by ROMS.780

Although this is not in the scope of this study, we aim to investigate it soon.781

We show here that a high-resolution, coupled ocean-atmosphere model with the current782

feedback improves the representation of oceanic current (both mean and mesoscale) and of783

the AC retroflection processes. A simulation without current feedback may have two impor-784

tant biases for the Benguela: (1) a poor representation of the AC leakage and consequently785

the water masses and biogeochemical materials, and (2) an overestimation of the eddy life,786

intensity, quenching of nutrients, and offshore advection of biogeochemical materials (Gruber787

et al. 2011; Nagai et al. 2015; Renault et al. 2016a). To conclude, the AC leakage of Indian788

Ocean waters to the Atlantic is known to be a key process for the closure of the thermohaline789

circulation (de Ruijter et al. 1999b; Beal et al. 2011). Recently, Beal et al. (2011) show the790

AC leakage could strengthen the Atlantic meridional overturning circulation counteracting791

its slow down due to global warming and melting ice. A high resolution, coupled ocean-792

atmosphere model that takes into account the current feedback may be crucial for a realistic793

representation of the global thermohaline circulation.794
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List of Figures1053

1 Mean Mean geostrophic windwork (FmKmg) (colors) and surface stress (ar-1054

rows) estimated from (a) the observations, (b) NOCURR, and (c) CURR for1055

the period 2000-2004. (d) FmKmg averaged over the whole domain (ALL),1056

and the regions over the Mozambique Channel (Mozambique), and the Agul-1057

has Current (AC), the Agulhas retroflection (Retro), and the Agulhas Return1058

Current (ARC) (see black boxes in (a)). The current feedback to the atmo-1059

sphere reduces FmKmg by 12% over the whole domain. 561060

2 Mean surface stress curl and surface current vorticity: the colors represent1061

the mean surface stress curl from SCOW and from NOCURR and CURR for1062

the period 2000-2004. The blue (red) contour represents the mean negative1063

(positive) vorticity of the geostrophic surface currents from AVISO and the1064

simulations for the same period (only contours of +/−2.10−6 m s−1 for AVISO1065

and +/−7.10−6 m s−1 for the simulations are shown for clarity). In the obser-1066

vations and in CURR, a negative (positive) surface current vorticity induces1067

a positive (negative) surface stress curl. 571068

3 a) and b) Mean surface (first level in WRF) wind curl and surface current1069

vorticity: the colors represent the mean surface wind curl from NOCURR (a)1070

and CURR (b)for the period 2000-2004. The blue (red) contour represents the1071

mean negative (positive) vorticity of the geostrophic surface currents from the1072

simulations for the same period (only contours of +/−7.10−6 m s−1 are shown1073

for clarity). c) Mean wind curl difference between NOCURR and CURR along1074

with the current vorticity from CURR. The surface stress increase (decrease)1075

in CURR induces a decrease (increase) of the surface wind in the simulation1076

with current feedback. 581077
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4 Mean sea surface geostrophic currents from (a) AVISO, (b) NOCURR, and (c)1078

CURR for the period 2000-2004. (d) Total depth-integrated Kinetic Energy1079

(KE) over the whole domain, the Mozambique Channel and the Agulhas Basin1080

region (black boxes, Fig. 1a). In CURR, the weakening of the mean windwork1081

(FmKmg) induces a global slow down of the circulation. However, due to a less1082

present Eastern retroflection of the Agulhas Current, the Agulhas Current over1083

the Agulhas Basin has a larger mean flow in CURR with respect to NOCURR1084

. The Agulhas retroflection is more realistic in CURR than in NOCURR. 591085

5 The figure colors show the mean geostrophic Eddy Kinetic Energy (EKE) for1086

the period 2000-2004 from (a) AVISO, (b) NOCURR, and (c) CURR. Con-1087

tours show 20-cm delineations of mean SSH for this period. NOCURR is char-1088

acterized by a too large EKE, and by the presence of a standing eddy around1089

the east of the Agulhas Basin that has a strong influence on the retroflection1090

(see Fig. 8). d) Mean EKE over the whole domain, the Mozambique Channel,1091

the Agulhas bank region, and the Benguela (black boxes on (a)). The current1092

feedback in CURR induces a drastic reduction of the EKE by 25% over the1093

whole domain. It limits the presence of the standing eddies, improving the1094

realism of the mean circulation and of the Agulhas Current retroflection. 601095

6 Top panels: Depth-integrated Eddy Kinetic Energy (EKE) budget compo-1096

nent (cm3s−3) from CURR. From left to right: (a) the baroclinic conversion1097

(PeKe), and (b) the barotropic conversion (KmKe). Bottom panels: total1098

PeKe, KmKe, and the eddy wind work FeKeg integrated over (c) the Mozam-1099

bique Channel, (d) the Agulhas retroflection (Retro), (e) the Agulhas Return1100

Current (ARC) and (f) the Benguela (black boxes, Fig. 5a). KmKe is the main1101

energy source term. The reduction of the EKE from NOCURR to CURR in1102

Fig. 5 is partly explained by the reduction of KmKe but overall by the negative1103

FeKeg. 611104
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7 Mean geostrophic eddy wind work (FeKeg) from (a) the observations, (b)1105

NOCURR, and (c) CURR for the period 2000-2004. The observations and1106

CURR are characterized by the presence of a pathway of energy from the1107

ocean to the atmosphere all over the Agulhas Current, which is not present1108

in NOCURR. The negative FeKeg is partly responsible for the dampening of1109

the Eddy Kinetic Energy (EKE) in Fig. 5. 621110

8 (a) Zonal Probability Density Function (PDF) of the retroflection location for1111

the period 2000-2004 from (a) AVISO, (b) NOCURR, and (c) CURR. The1112

black lines represent the PDF values and their standard deviations obtainted1113

using a bootstrap method (see text). The red lines represent the Gaussian fits1114

applied on the significant PDF peaks. The blue circles highlight the center1115

of each regimes (i.e., the peaks of the PDF), and the blue lines represent the1116

spatial extension of each regime as estimated from the standard deviation of1117

the Gaussian fits. The % of occurrences of each regime is indicated in blue1118

(see text for more details). The current feedback to the atmosphere improves1119

the representation of the Agulhas Current retroflection. In particular, by1120

weakening the mesoscale activity, it strongly reduces the importance of the1121

Eastern retroflections, shifting the distribution of the retroflection location.1122

(d) Illustration of an Agulhas Current Eastern Retroflection from AVISO as1123

estimated by the detection method (Sec. 2e). The colors represent the Sea1124

Surface Height (SSH) from AVISO; the thick black contour represents the de-1125

tected Agulhas current and the red dot its retroflection longitude and latitude.1126

e) Mean Eddy Kinetic Energy during the Eastern Retroflections. The black1127

box is used in Fig. 9. The solid line represents the shipping line (”Good-Hope1128

Line”) section, whereas the dotted lines represents the control sections used1129

to estimate the Agulhas Current leakage using Lagrangian particles. 631130
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9 Relationship between the Eddy Kinetic Energy (EKE), the eddy windwork1131

(FeKeg), and the leakage from CURR. The EKE and FeKeg have been spatially1132

average over the box indicated in Fig. 8e. The resulting timeseries and the1133

leakage timeserie have been low-pass filtered (fc = 180days−1) and are shown1134

on (a). The lag-correlation between EKE and leakage is plotted on (b). A1135

large EKE near Port Elizabeth induced a large deflection of energy from the1136

ocean to the atmosphere but also a short-cur of the Agulhas Current and,1137

then, a weakening of the Agulhas Current leakage. 641138

10 a) Mean Agulhas Rings corridor identified using the mean surface geostrophic1139

Eddy Kinetic Energy (EKE) from NOCURR (red) and CURR (blue) for the1140

period 2000-2004. The contour lines corresponds to the maximal mean EKE1141

value along each longitude and to 90% of the maximal EKE value along each1142

longitude; the contour lines are smoothed over a distance of 150 km. b) Merid-1143

ional distribution of the surface geostrophic EKE (Fig. 5) along three sections1144

at 15◦E, 7.5◦E, and 0◦from NOCURR (red) and CURR (blue). For each daily1145

snapshot over the period 2000-2004, the EKE distribution is estimated us-1146

ing bin sizes of 0.05 m2s−2. The current feedback alters the Agulhas Rings1147

corridor. 651148

11 a) Mean Sea Surface Temperature (SST) difference between CURR and NOCURR.1149

The dashed black lines depict the region used to evaluate the Tempera-1150

ture/Salinity diagram in (b). b) Temperature-Salinity diagram from NOCURR1151

(red) and CURR (blue) over the black box represented on a, and averaged over1152

bins of constant potential density of 0.1 kg.m−3. The colors represents the po-1153

tential density. In CURR, due to a larger leakage, there is saltier and warmer1154

water between 800 m and 200 m depth, and warmer sea surface temperature. 661155
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12 a) The colors represent the current-wind coupling coefficient sw estimated as1156

in Renault et al. (2016d) at each grid point and smoothed over 100 km. b)1157

Vertical attenuation of sw with respect to the surface sw over the Agulhas1158

Return Current box (similar results are found for other regions). c) Binned1159

scatterplot of the mean Marine Boundary Layer Height and sw over the whole1160

domain. The bars indicate plus and minus one the standard deviation about1161

the average drawn by stars. The linear regression is indicated by a black line,1162

and the slope is indicated in the title (10−3 m−1). sw is characterized by a1163

complex spatial pattern that depends on the Marine Boundary Layer Height.1164

The deeper is the Marine Boundary Layer, the weaker is sw. The current1165

feedback to the atmosphere mainly acts on the surface wind. 671166

13 Precipitation rate responses to the current feedback a) Mean precipitation rate1167

from CURR over the period 2000-2004. b) The relative difference Crain (see1168

text) between NOCURR and CURR. Only the significant values (σ > 95%1169

using a t-test) are shown. The warmer Sea Surface Temperature in CURR over1170

the Agulhas Basin and the Benguela induces larger precipitation in CURR1171

with respect to NOCURR. 681172

14 2D surface KE spectra (full lines) and ageostrophic (dashed lines) surface1173

KE spectra as a function of the Wavelength (km) for NOCURR (black) and1174

CURR (blue) (a, b, c), and their relative difference Cspectra (d, e, f). (a, d)1175

over The Mozambique Channel, (b, e) The Agulhas Basin, and (c, f) The1176

Benguela. By reducing the mesoscale activity, the current feedback weak-1177

ens the frontogenesis and diminishes the submesoscale activity. This results1178

should be confirmed using higher spatial resolution configurations. 691179

55



Figure 1: Mean Mean geostrophic windwork (FmKmg) (colors) and surface stress (arrows)
estimated from (a) the observations, (b) NOCURR, and (c) CURR for the period 2000-2004.
(d) FmKmg averaged over the whole domain (ALL), and the regions over the Mozambique
Channel (Mozambique), and the Agulhas Current (AC), the Agulhas retroflection (Retro),
and the Agulhas Return Current (ARC) (see black boxes in (a)). The current feedback to
the atmosphere reduces FmKmg by 12% over the whole domain.
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Figure 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
2000-2004. 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 con-
tours of +/−2.10−6 m s−1 for AVISO and +/−7.10−6 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.
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Figure 3: a) and b) Mean surface (first level in WRF) wind curl and surface current vorticity:
the colors represent the mean surface wind curl from NOCURR (a) and CURR (b)for the
period 2000-2004. 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
+/−7.10−6 m s−1 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.
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Figure 4: Mean sea surface geostrophic currents from (a) AVISO, (b) NOCURR, and (c)
CURR for the period 2000-2004. (d) Total depth-integrated Kinetic Energy (KE) over the
whole domain, the Mozambique Channel and the Agulhas Basin region (black boxes, Fig.
1a). In CURR, the weakening of the mean windwork (FmKmg) induces a global slow down of
the circulation. However, due to 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.
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Figure 5: The figure colors show the mean geostrophic Eddy Kinetic Energy (EKE) for
the period 2000-2004 from (a) AVISO, (b) NOCURR, and (c) CURR. Contours show 20-cm
delineations of mean SSH 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. 8). d) Mean EKE over the whole domain, the
Mozambique Channel, the Agulhas bank region, and the Benguela (black boxes on (a)). 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.
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Figure 6: Top panels: Depth-integrated Eddy Kinetic Energy (EKE) budget component
(cm3s−3) from CURR. From left to right: (a) the baroclinic conversion (PeKe), and (b) the
barotropic conversion (KmKe). Bottom panels: total PeKe, KmKe, and the eddy wind work
FeKeg integrated over (c) the Mozambique Channel, (d) the Agulhas retroflection (Retro),
(e) the Agulhas Return Current (ARC) and (f) the Benguela (black boxes, Fig. 5a). KmKe

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 KmKe but overall by the negative FeKeg.
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Figure 7: Mean geostrophic eddy wind work (FeKeg) from (a) the observations, (b)
NOCURR, and (c) CURR for the period 2000-2004. The observations and CURR are char-
acterized 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 FeKeg is partly
responsible for the dampening of the Eddy Kinetic Energy (EKE) in Fig. 5.
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Figure 8: (a) Zonal Probability Density Function (PDF) of the retroflection location for the
period 2000-2004 from (a) AVISO, (b) NOCURR, and (c) CURR. The black lines represent
the PDF values and their standard deviations obtainted 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 % 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) Illustration of an Agulhas Current Eastern Retroflection from
AVISO as estimated by the detection method (Sec. 2e). The colors represent the Sea Surface
Height (SSH) from AVISO; the thick black contour represents the detected Agulhas current
and the red dot its retroflection longitude and latitude. e) Mean Eddy Kinetic Energy during
the Eastern Retroflections. The black box is used in Fig. 9. The solid line represents the
shipping line (”Good-Hope Line”) section, whereas the dotted lines represents the control
sections used to estimate the Agulhas Current leakage using Lagrangian particles.
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Figure 9: Relationship between the Eddy Kinetic Energy (EKE), the eddy windwork
(FeKeg), and the leakage from CURR. The EKE and FeKeg have been spatially average
over the box indicated in Fig. 8e. The resulting timeseries and the leakage timeserie have
been low-pass filtered (fc = 180days−1) and are shown on (a). The lag-correlation between
EKE and leakage is plotted on (b). A large EKE near Port Elizabeth induced a large deflec-
tion of energy from the ocean to the atmosphere but also a short-cur of the Agulhas Current
and, then, a weakening of the Agulhas Current leakage.
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Figure 10: a) Mean Agulhas Rings corridor identified using the mean surface geostrophic
Eddy Kinetic Energy (EKE) from NOCURR (red) and CURR (blue) for the period 2000-
2004. 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 2000-2004, the EKE distribution is estimated using bin
sizes of 0.05 m2s−2. The current feedback alters the Agulhas Rings corridor.
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Figure 11: a) Mean Sea Surface Temperature (SST) difference between CURR and
NOCURR. The dashed black lines depict the region used to evaluate the Tempera-
ture/Salinity diagram in (b). b) Temperature-Salinity diagram from NOCURR (red) and
CURR (blue) over the black box represented on a, and averaged over bins of constant po-
tential density of 0.1 kg.m−3. The colors represents the potential density. In CURR, due
to a larger leakage, there is saltier and warmer water between 800 m and 200 m depth, and
warmer sea surface temperature.
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Figure 12: a) The colors represent the current-wind coupling coefficient sw estimated as in
Renault et al. (2016d) at each grid point and smoothed over 100 km. b) Vertical attenuation
of sw with respect to the surface sw over the Agulhas Return Current box (similar results are
found for other regions). c) Binned scatterplot of the mean Marine Boundary Layer Height
and sw over the whole domain. The bars indicate plus and minus one the standard deviation
about the average drawn by stars. The linear regression is indicated by a black line, and the
slope is indicated in the title (10−3 m−1). sw is characterized by a complex spatial pattern
that depends on the Marine Boundary Layer Height. The deeper is the Marine Boundary
Layer, the weaker is sw. The current feedback to the atmosphere mainly acts on the surface
wind.
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Figure 13: Precipitation rate responses to the current feedback a) Mean precipitation rate
from CURR over the period 2000-2004. b) The relative difference Crain (see text) between
NOCURR and CURR. Only the significant values (σ > 95% using a t-test) are shown. The
warmer Sea Surface Temperature in CURR over the Agulhas Basin and the Benguela induces
larger precipitation in CURR with respect to NOCURR.
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Figure 14: 2D surface KE spectra (full lines) and ageostrophic (dashed lines) surface KE
spectra as a function of the Wavelength (km) for NOCURR (black) and CURR (blue) (a,
b, c), and their relative difference Cspectra (d, e, f). (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. This
results should be confirmed using higher spatial resolution configurations.
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