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1. Introduction
The Western Mediterranean Sea (WMS) is characterized by a roughly mean cyclonic circulation. Atlantic 
Waters (AW) enter in the surface layer through the strait of Gibraltar and flow along the North African 
Coast via the Alboran Gyres (e.g., Renault et al., 2012b; Vargas-Yáñez et al., 2002) and the Algerian Current 
to reach the Sicily channel (Millot, 1979). A significant contribution of the AW then flows to the Eastern 
part of the basin, while the other part reaches the northern rim of the basin in the Northern Current, and 
the Balearic Current via the Thyrenean Sea (e.g., Millot 1979). A relatively strong mesoscale activity affects 
the mean paths of circulation (e.g., Escudier et al., 2016). Algerian Current (Isern-Fontanet et al., 2003; 
Karimova, 2019; Puillat et al., 2002), Northern Current (Alberola et al., 1995; Guihou et al., 2013), Balearic 
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unambiguous physical process to achieve proper equilibrium in the Ocean. However, its effects on the 
Western Mediterranean Sea (WMS) are not known. In this study, eddy-rich coupled ocean-atmosphere 
simulations are carried out for the WMS to assess the extent to which CFB alters the WMS circulation 
and to characterize the low-level wind and surface stress responses to CFB. By generating conduits of 
energy from oceanic currents to the atmosphere, CFB slows the mean circulation by about 10% and 
acts as an oceanic eddy killer, reducing the mesoscale activity by 25% and attenuating the intensity of 
their intermittency. It also alters the mean barotropic vorticity balance of the WMS Gyre, reducing the 
role of wind stress curl, nonlinear torque, and bottom pressure torque. By reducing the eddy-mean flow 
interaction, CFB has a large influence on the properties of the Algerian Current, reducing the presence of 
standing eddies near Sardinia and improving the realism of the circulation. It also modifies the Alboran 
Gyres formation and the Northern Current retroflection. Finally, coupling coefficients from the coupled 
simulations are estimated and are consistent with those for other regions. The CFB coupling coefficients 
can be used to parameterize the CFB in a forced ocean model. Overall, our results show that, as for other 
regions, the CFB is another physical mechanism to be considered for the representation of the WMS 
circulation.
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CFB induces conduits of energy from oceanic currents to the atmosphere, which in turn slow down the 
mean circulation by about 10% and damp the intermittency of the currents by 25%. CFB alters processes 
that controls the WMS circulation and largely modulates emblemactics features of the WMS such as the 
Alboran Gyres and the Algerian Current. Finally, coupling coefficients are estimated and are consistent 
with those for other regions. The CFB coupling coefficients can be used to parameterize the CFB in 
a forced ocean model. Overall, our results show that the CFB is another physical mechanism to be 
considered for the representation of the WMS circulation.
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front (Bouffard et al., 2012; Mancho et al., 2008), or Thyrenean Sea (de la Vara et al., 2019) are typical places 
where mesoscale eddies lead to an important transport of heat, salt, and biogeochemical tracers over all 
the WMS. As shown by Escudier et al. (2016), unlike other regions of the World Ocean, eddies in the WMS 
do not have a preferred direction of propagation and appear to be mainly advected by mean currents. They 
are also characterized by a short life compared to other regions Isern-Fontanet et al. (2006). In the World 
Ocean, long-lived eddies are characterized by a lifetime of more than 16 weeks and by an average lifetime 
of 32 weeks (Chelton et al., 2011), whereas in the Mediterranean Sea, Isern-Fontanet et al. (2006) show that 
anticyclonic and cyclonic vortices have a mean lifetime of ≈ 2 months and 1 month, respectively. In the 
eastern Mediterranean Sea their life is considered to be longer than 8 weeks (Mkhinini et al., 2014), whereas 
in the WMS, long-lived eddies have a lifetime longer than 4 weeks, and only 1% of the eddies have a lifetime 
of more than 15 weeks (Escudier et al., 2016).

The WMS is also subject of intense air-sea-land interactions: the presence of several mountains ranges (e.g., 
Alps, Pyrenees) causes the existence of low-levels, cold air outbreaks associated with Tramotane, Cierzo, 
and Mistral winds (Jansá, 1987; Flamant, 2003), which induces strong sea surface temperature (SST) cooling 
and air-sea fluxes exchanges (Berthou et al., 2018; Estournel et al., 2003; Millot, 1979; Lebeaupin Brossier & 
Drobinski, 2009; Renault et al., 2012a; Ruiz et al., 2012). This strong air-sea coupling is of prime importance 
as this can lead to severe precipitations close to the coast (Berthou et al., 2016; Meroni et al., 2018) and even 
extreme oceanic events such as oceanic deep convection (Somot et al., 2018; Testor et al., 2018) that further 
affect water masses distribution and characteristics in all the basin.

In the past decades, the use of satellite observations and numerical coupled models have demonstrated 
the global ubiquity of mesoscale air-sea interactions and of their impacts on low-level wind and surface 
stress (Chelton & Xie, 2010; Chelton et al., 2001, 2007; Desbiolles et al., 2014; Gaube et al., 2015; Renault 
et al., 2016c, 2017a, 2019c). One of these processes, the thermal feedback (TFB), causes wind and surface 
stress magnitude, divergence, and curl anomalies (Chelton et al., 2004, 2007; ONeill et al., 2010, 2012) in 
response to SST gradients (see Small et al., 2008 for a review). The TFB-induced stress curl anomalies gen-
erate Ekman pumping that modify the eddy propagation but not the eddy magnitude (Renault et al., 2020; 
Seo, 2017; Seo et al., 2016). Another of such processes is the Current FeedBack (CFB) that is the influence 
of the surface oceanic current on the surface stress and wind. It mainly affects the wind and stress curl. CFB 
has a bottom-up effect on the wind: a negative current anomaly creates a positive stress anomaly, which in 
turn induces a negative wind anomaly (Renault et al., 2016c, 2019c; Takatama & Schneider, 2017). At the 
larger scales, CFB causes a slow-down of the mean oceanic currents (e.g., Luo et al. 2005; Pacanowski 1987; 
Renault et al. 2016b). The (sub)mesoscale effect was less obvious and has been first suggested by Bye (1985) 
in a forerunner study but then has been largely ignored. Recently, the advent of eddy-rich coupled models 
has allowed to confirm it. The local effect of CFB consists of an eddy-killing mechanism, i.e., a damping 
by ≈ 30% of the mesoscale and submesoscale activities (Dewar & Flierl, 1987; Oerder et al., 2018; Renault 
et al., 2016c, 2016b, 2017b, 2018, 2020; Seo, 2017; Seo et al., 2016). This effect is induced by the transfer of 
energy from oceanic currents to the atmosphere (Duhaut & Straub, 2006; Renault et al., 2016c, 2017a; Scott 
& Xu, 2009; Xu & Scott, 2008). CFB, through the eddy killing mechanism, opens a tight control on Western 
boundary currents by reducing the eddy-mean flow interaction (Renault et  al.,  2019b). By providing an 
undeniable energy sink mechanism, CFB happens to correct some long-standing modeling biases in the 
representation of oceanic mesoscale activity, Western Boundary Currents and eddy-mean flow interaction.

The CFB effect on the WMS circulation has not been assessed yet, nor has a proper characterization of the 
mesoscale low-level wind and surface stress response to both CFB and TFB. In this study, the main goal is 
to assess to which extent CFB can partly drive the WMS oceanic circulation at both large scale and mesos-
cale. As a secondary objective, this study attempts to characterize the low-level wind and surface stress 
responses to the mesoscale CFB and TFB. To respond to these objectives, a set of two realistic mesoscale 
resolving ocean and atmosphere coupled simulations, implemented over the WMS for a period of 7 years, 
is carried out. The study is organized as follows: Section 2 describes the model configuration and the main 
methodology. In Section 3, the alteration of the mean WMS circulation is addressed. Section 4 is devoted to 
determine the extent to which CFB modulates the mesoscale activity and the surface currents intermitten-
cy. In Section 5, a focus on emblematic features of the WMS allows to better understand how CFB can alter 
them. Finally, Section 6 aims to characterize the low-level wind and surface stress responses to both CFB 
and TFB. The results are discussed in Section 7, which is followed by the conclusion.
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2. Model Configuration and Methodology
2.1. The Coastal and Regional Ocean Community Model

The oceanic simulations were performed with the coastal and region-
al ocean community (CROCO) model (Debreu et  al.,  2012), developed 
around the kernel of the regional oceanic modeling system (ROMS) 
(Shchepetkin, 2015; Shchepetkin & McWilliams, 2005, 2009). CROCO is 
a free-surface, terrain-following coordinate model with split-explicit time 
stepping and with Boussinesq and hydrostatic approximations. As in Say-
ol et al. (2013) and Juza et al. (2016), CROCO is implemented over the 
WMS from the Alboran strait to the Corsica and Sardinia straits (Figure 1, 
from 5.8°W to 9.2°E and 34.9°N to 44.7°N) with a resolution of ≈ 2 km. 
Such a spatial resolution allows to fully resolve the oceanic mesoscale 
activity almost everywhere in the Western Mediterranean Sea, except 
in some shallow places near the Gulf of Lions (Figure 1). Temperature, 
salinity, surface elevation, and horizontal velocity initial and boundary 
information are taken from the Mediterranean forecasting system (MFS, 
Tonani et al., 2011) daily reanalysis. The configuration has 50 levels in the 
vertical with the same vertical grid system concentrating vertical levels 
near the surface (Shchepetkin & McWilliams, 2009), with stretching sur-
face and bottom parameters hcline = 300 m, θb = 2, and θs = 7. Bathymetry 
is constructed from the shuttle radar topography mission (SRTM30 plus) 
data set (available at http://topex.ucsd.eduWWW_htmlsrtm30_plus.
html) based on the 1-min Sandwell and Smith (1997) global data set and 
higher-resolution data where available. To avoid aliasing and to ensure 

the smoothness of the topography at the grid scale, a Gaussian smoothing kernel with a width of four times 
the topographic grid spacing is used. Additionally, to ensure a weak pressure gradient errors induced by 
terrain-following (σ), a local smoothing of the topography is applied where the steepness of the topography 
exceeds a factor r = 0.2. Finally, vertical mixing of tracers and momentum is done with a K-profile param-
eterization (KPP; Large et al., 1994). Monthly climatological freshwater discharges of the Rhone and the 
Ebro rivers (Dai & Trenberth, 2002) are included in the model as point sources.

2.2. The Weather Research and Forecast Model

Weather research and forecast (WRF; version 3.7.1, Skamarock et al., 2008) is implemented over a similar 
domain except that it covers the Alps and has at least five more points in all the directions (corresponding 
to the WRF sponge). It has a spatial resolution of ≈ 7 km, which is enough to resolve the mesoscale air-sea 
interactions represented by the ≈ 2 km ocean grid (Jullien et al., 2020). The simulation is initialized and 
forced at the open boundary condition with the climate forecast system reanalysis (CFSR) (≈40 km spatial 
resolution; Saha et al., 2010). Forty vertical levels are used, with half of them in the lowest 1.5 km. The pa-
rameterizations used here are similar to the one employed in Renault et al. (2016b), and the reader is invited 
to refer to that study for more details. A bulk formula is used (Fairall et al., 2003) to estimate the freshwater, 
turbulent, and momentum fluxes provided to CROCO. Note that because of the implicit treatment of the 
bottom boundary condition in most atmospheric models, the use of CFB involves a modification of both 
the surface-layer vertical mixing Lemarié  (2015) parameterization (MYNN2.5 in our case, Nakanishi & 
Niino 2006) and the tridiagonal matrix for vertical turbulent diffusion. Ignoring these modifications causes 
a large underestimation of the CFB effects on the wind and surface stress and on the associated oceanic 
response (Renault et al., 2019a).

2.3. Experiments

The data are exchanged between CROCO and WRF every hour using the OASIS3-MCT coupler (Val-
cke, 2013). A coupling frequency of 1 h allow to resolve correctly the diurnal cycle, the synoptic variations 
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Figure 1. The Western Mediterranean Sea. The color field represents 
the first Rossby radius of deformation as estimated from CARS (Ridgway 
et al., 2002) following Chelton et al. (1998). The black contours show the 
ratio between the Rossby radius of deformation and the spatial resolution 
of the oceanic model. The white boxes highlight the regions used in the 
hereafter analysis: the Alboran Sea (AS), the Algerian Current (AC), 
the Gulf of Lions (GoL), and the Catalan Sea (CS). The four blue lines 
highlight the sections used in the particle analysis 5.3.
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of the wind as well as the inertial currents. Note that a coupling frequency of less than 1 h would require 
coupling with a wave model. In the first experiment, named NOCRT, WRF gives CROCO the hourly averag-
es of heat, momentum, and freshwater fluxes; whereas, CROCO gives to WRF the hourly averaged SST. The 
surface stress is estimated using the absolute wind Ua, i.e., ignoring CFB. The second experiment, named 
CRT, is the very same experiment except that CROCO sends to WRF both SST and the surface current Uo. 
In CRT, the surface stress is estimated using the relative wind to the oceanic motions:

 a oU U U (1)

Both experiments start from the same initial conditions from January 1, 2002 and are integrated for 7 years. 
The two first years are discarded as a spin-up.

2.4. Eddy Kinetic Energy and Energy Conversion

CROCO-WMS configuration is eddy-resolving in most of the domain (Figure 1). In order to study the influ-
ence of the eddy-killing effect of the CFB on the circulation, we define some standard metrics to perform a 
simplified energy budget analysis over the domain.

In the following, the overbar (−) stands for seasonal means (estimated over the 2004–2008 period), whereas 
the deviations from the seasonal means are referred by using primes (’). The eddy kinetic energy (EKE) is 
estimated using the surface currents or the geostrophic currents as:

  2 2
o oEKE U V (2)

with Uo and Vo the surface total or geostrophic (Uog and Vog) zonal and meridional currents, respectively. As 
detailed in Renault et al. (2016c), the mean geostrophic wind work and the eddy wind work are estimated 
in the following:

 


 
0

1 ( )m m og u og vF K U V (3)

and

 



   

0

1 ( )e e og u og vF K U V (4)

where ρ0 is the mean seawater density (taken as 1,025 kg m−3), τu and τv are the zonal and meridional surface 
stresses. FmKm represents the transfer of energy from the atmosphere to mean kinetic energy and FeKe rep-
resents the exchange of energy from low-level wind anomalies to the mesoscale activity. As in Marchesiello 
et al.  (2003), we also focus on the following relevant energy source terms, which are the baroclinic and 
barotropic instabilities:




    
0

,e e z
gP K w (5)
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 (6)

where g is the gravitational acceleration, w is the vertical velocity in the ocean, and x, y, and z are the zonal, 
meridional, and vertical coordinates, respectively.
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2.5. Barotropic Vorticity Budget

The Oceanic gyre circulation can be understood as the mean of the barotropic vorticity budget, which is a 
generalization of Sverdrup balance. Following e.g., Schoonover et al. (2016), the barotropic vorticity budget 
is estimated by computing the rotational of the vertically integrated lateral momentum equations:


  

    
      

 0 0 0

( , ) .( )bJ P h f
t

bU 
τ τ

 (7)

where    ( ( ˆ)).zU  is the barotropic vorticity; U is the barotropic current; J is the Jacobian operator, Pb 
is the bottom pressure; h is the bathymetry;  is the non-linear torque; f is the Coriolis force; τb is the bottom 
stress; and  is the viscous torque (including the torque introduced by subgrid-scale parameterizations). 
In the following, the terms of the right-hand side of Equation 7 are referred to the bottom pressure torque 


 
  
 0

( , )bJ P h , the nonlinear torque ( ) , the planetary vorticity advection (−∇.(fU)), the surface stress curl 


  
  
 0

τ , the bottom stress curl 


  
  

 0

bτ , and the viscous torque   .

The bottom pressure torque is the twisting force that results from the variation of the bottom pressure Pb 
along the isobaths. The bottom pressure torque is a measure of the topographic steering of the flow and 
does not drive by itself the flow. It does not represent any dissipation nor energy input and is determined 
dynamically by the ocean flow (see also Jackson et al., 2006 for a detailed description of the bottom pressure 
torque). The nonlinear torque represents the advection of vorticity by the mean flow and by the eddies. The 
planetary vorticity advection arises from the Coriolis effect. The surface stress curl can be considered as a 
top drag. It is externally imposed by the atmosphere and can lead to an input or a dissipation of energy. The 
bottom stress curl is the drag that is imposed by the topography. Finally, the viscous torque represents the 
model diffusion. In a regional numerical simulation, it can have large values over the sponges.

2.6. Coupling Coefficients

As in Renault et al. (2016c, 2019c), we define the following two coupling coefficients related to the CFB:

•  sτ is defined as the slope of the linear regression of the mesoscale surface current vorticity and the mesos-
cale surface stress curl

•  sw is defined as the slope of the linear regression of the mesoscale surface current vorticity and the 
mesoscale 10-m wind curl

Chelton et al. (2007) (among many other studies in the literature) define four TFB coupling coefficients:

•  sCstr and sCw are defined as the slopes of the linear regression of the mesoscale stress/wind curl and 
cross-stress/wind SST gradient

•  sDstr and sDw are defined as the slopes of the linear regression of the mesoscale stress/wind divergence 
and down-stress/wind SST gradient

In all these coefficients, the mesoscale anomalies are isolated using a Gaussian spatial high-pass filter (cut-
off of 50 km) and a 29-days running window. Note that a larger filter (e.g., 250 km) does not significantly 
change the results. Renault et al. (2019c) provide the full method how to estimate these coupling coefficients.

3. Mean Circulation
As a first evaluation of the mean WMS circulation, the mean sea surface height (SSH) and the barotropic 
stream function Ψ(x, y) are estimated from the 5 years of NOCRT. Here Ψ is computed by integrating the 
meridional transport eastward and imposing Ψ = 0 on the coastline of the Gulf of Lions. The mean SSH 

is also estimated from the observations from the 
1
8

 resolution Archiving, Validation and Interpretation of 
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Satellite Oceanographic (AVISO) data set over the same period (Rio et al., 2014) (Figures 2 and 3). In good 
agreement with the observations, NOCRT represents the main spatial patterns of the mean SSH and of the 
mean surface circulation such as the WMS cyclonic circulation, the Alboran gyres, the North Balearic Front 
and the Algerian Current (similar results are found using the mean geostrophic currents). The Algerian 
Current is characterized by a mean net transport by 9 Sv (1 Sv = 16 m3 s−1) and the Northern Current has the 
imprint of two kinds of retroflections: the classic one in the Catalan Sea, and an upstream one in the Gulf 
of Lions, which is likely caused by the presence of eddies.

Despite its relative degree of realism and consistency with previous numerical studies (e.g., Beranger 
et al. 2010; Hamon et al. 2016; Sannino et al. 2015), NOCRT suffers from long-standing biases in the rep-
resentation of the WMS mean circulation such as e.g., the persistence of an anticyclonic eddy near Sardinia 
and too weak currents along the northern rim of the WMS (Northern Current along the French and Spanish 
coast) and too strong currents along the Southern rim of the WMS (Alboran Gyres, Algerian Current). From 
NOCRT to CRT, CFB slows down both the mean net barotropic transport (Figure 3) and the mean surface 
currents (not shown) by about 10%. This is likely partly explained by the reduction of the surface stress and 
FmKm by ≈ 15% induced by CFB (not shown), which is consistent with Pacanowski (1987), Luo et al. (2005), 
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Figure 2. Mean sea surface height (SSH) from (a) the AVISO product, (b) the simulation without CFB (NOCRT), and (c) the simulation with CFB (CRT). CFB, 
current feedBack to the atmosphere. AVISO, Archiving, Validation and Interpretation of Satellite Oceanographic data.
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and Renault et al. (2016b) for other regions. In NOCRT, the presence of 
standing eddies that detach from the Algerian Current near Sardinia 
causes a large northward deflection of the mean current, which is unre-
alistic. CFB reduces this behavior, improving the realism of the simula-
tion. Sections 4.1 and 5 aim to better understand what mechanisms are 
involved. The retroflection of the North Current is also altered by CFB.

To better understand what drive the WMS gyre circulation and the extent 
to which CFB can alter it, following e.g., Schoonover et  al.  (2016) and 
Le Corre et al. (2020), the long-term averaged barotropic vorticity budget 
is estimated over the WMS Gyre (Figure 4) by using a closed barotropic 
stream function contour of −1 Sv (highlighted in Figure 3). In both NOCRT 

and CRT, the WMS gyre is not in a Sverdrup balance as the balance is not 

achieved between the surface stress curl 


  
  
 0

τ  and the planetary vor-

ticity advection (−∇.(fU)). In the WMS, cyclonic vorticity generation aris-

es from surface stress curl 


  
  
 0

τ  but also from nonlinear torque   , 

which likely advects cyclonic vorticity from the coastal regions and the 
Alboran Sea. In NOCRT, the balance is achieved by both the bottom drag 


  
  

 0

bτ  and the bottom pressure torque 


 
  
 0

( , )bJ P h , indicating large 

variation of the bottom pressure Pb along the isobath. In CRT, CFB ap-
pears to have a significant control on the barotropic vorticity budget. On 
the one hand, it reduces the generation of positive vorticity by wind stress 

curl 


  
  
 0

τ , which is consistent with the reduction of the surface stress. 

On the other hand, CFB also reduces the effect of the non-linear torque 
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Figure 3. Mean stream function from the simulation (a) without CFB (NOCRT), and (b) the simulation with CFB (CRT). CFB leads to a reduction of the 
mean barotropic transport. The red line highlights the Algerian Current (highlighted using the 0 Sv contour) whereas the dashed black contour shows the 
WMS Gyre defined by using the Ψ contour of −1 Sv. Three main regions are impacted by CFB: the Alboran Sea, the Algerian Current, and the Northern current 
retroflection region (Gulf of Lions/Catalan Sea). CFB, current feedBack to the atmosphere.

Figure 4. Time-average of the integrated barotropic vorticity budget for 
the Western Mediterranean Gyre highlighted in Figure 3.
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  , which traduces the slow-down and of the mean circulation by CFB but also, as demonstrated in 
Section 4.1, the damping of the mesoscale activity. Unlike NOCRT, at the first order, in CRT, the balance is 

only achieved by bottom drag 


  
  

 0

bτ , which is barely affected by CFB. CFB largely mitigates the bottom 

pressure torque effect that becomes very weak from NOCRT to CRT. The large reduction of bottom pressure 
torque can also be interpreted as a reduction of the Pb variations along the isobath and, thus, as a flattening 
of the isopycnes. In the WMS, a simulation that neglects CFB may overestimate the nonlinear torque and 
the surface stress curl but also the role of bottom pressure torque in determining the WMS circulation.

To conclude this section, Figures 2 and 3 reveal three main regions that are the most impacted by CFB 
and that are therefore the focus of the following sections: the Alboran Sea, the Algerian Current, and the 
Northern Current.

4. Mesoscale Activity
4.1. Damping of the Mesoscale Activity

As a measure of the oceanic mesoscale activity, Figures  5a–5c shows the surface EKE estimated using 
daily surface currents from drifters trajectories (Poulain et  al.,  2012) and from NOCRT. As in Escudier 
et  al.  (2016), velocities of drifters are edited to remove outliers, interpolated, filtered at 36  h to remove 
high-frequency oscillations and subsampled. The measured current does not only represent the geostrophic 
currents but also Ekman currents that are not removed. The EKE is estimated from this product by binning 
the velocities within boxes of 0.5°.

Consistent with the literature, simulations and drifters reveal the presence of large levels of EKE over 
the Alboran Sea, the Algerian Current, and to a less extent the Gulf of Lions and the Catalan Sea, i.e., re-
gions where the mean currents are relatively strong and can feed the mesoscale activity (see Section 4.3) 
In NOCRT, the spatial-mean EKE over the whole domain is overestimated by 20% (from ≈ 240 cm2 s−2 
to 300 cm2 s−2) with respect to the drifters estimate. The overestimation is even larger than 50% over 
the Alboran Sea, and over the Algerian Current near Sardinia where standing eddies are too intense 
and likely too frequent. As demonstrated in Section 5, this excess of EKE near Sardinia induces a too 
strong eddy mean flow interaction, explaining the imprint of these eddies on the mean surface current 
(Figure 2). Noteworthy, along the Algerian Current, between 0°E and 5°E, the EKE in NOCRT is exces-
sively attached to the coast and does not spread offshore with respect to the drifters, likely because the 
Algerian Current in NOCRT is too stable over that portion. This could be due to a too smooth topography 
or coastline.

The EKE is also often computed from satellite geostrophic currents and from the simulated surface geo-
strophic currents (Figure 5b). However, due to the interpolation procedure and to the satellites repetitivity, 
AVISO currents are only able to resolve eddies longer than a week (Chelton et al., 2001). Amores et al. (2018) 
demonstrate that the EKE estimated from AVISO is likely to be underestimated by a factor between two and 
three in the Mediterranean Sea, which is also in agreement with the drifters estimate in Figure 5. Note that 
the ageostrophic portion of EKE can be estimated from NOCRT and represents less than 10% of the total 
EKE. Due to this high level of underestimation and uncertainty of EKE estimations by satellite products, we 
decided to not use this AVISO data set.

The surface EKE is furthermore estimated from CRT using the total surface current and is compared to 
NOCRT and to the drifters in Figure 5. The EKE in CRT has a realistic spatial distribution and level of 
energy with respect to drifters observations. Overall the domain, the spatial-mean of the EKE is 225 cm2 
s−2, which is in agreement with the drifters estimate (240 cm2 s−2). Consistent with the literature for other 
regions, the CFB acts as an eddy killer: from NOCRT to CRT, the domain-averaged EKE is damped by ≈ 25% 
(Figure 5). Some biases are still present such as the too-low level of EKE between 0°E and 5°E. In CRT, the 
Gulf of Lions and the Catalan may have a slightly too low an EKE, which could be due to the fact that the 
model is not fully mesoscale resolving in that region (see Rossby Radius in Figure 1). The main drivers of 
the EKE damping are assessed in the next section.
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4.2. Reduction of the Intermittency of Surface Currents

The damping of the mesoscale activity and the slow-down of the mean currents can be furthermore con-
firmed by comparing the Probability Density Function (PDF) of the surface current velocity from the drift-
ers, NOCRT, and CRT (Figure 6). Reproduce in a model the PDF of surface current velocities is crucial for 
dispersion studies based on numerical modeling. To be comparable to the drifters estimates, the surface 
currents from the simulations are smoothed over two days. Mean, Median, and Standard Deviation of the 
surface current velocities are also shown in Table 1. The PDF from NOCRT is clearly shifted toward the 
largest values, indicating that NOCRT overestimates the velocity of the mean (and the median, see also 
Table 1) currents with respect to the drifters observations. Velocities larger than 25 cm s−1 are too often 
present in NOCRT, confirming a too large variability in NOCRT (see also Table 1). This can be explained by 
the lack of CFB. Indeed, the PDF estimated from CRT is much closer to the observations. CFB by slowing 
down the mean currents and by damping the mesoscale activity reduces the surface current velocities and 
their variability (see also Table 1).
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Figure 5. Mean surface Eddy kinetic energy from (a) drifters (see Section 4.1), (b) geostrophic currents from AVISO, (c) the simulation without CFB (NOCRT), 
and (d) the simulation with CFB (CRT). From NOCRT to CRT, CFB induces a large damping of the mesoscale activity (by ≈ 25%), improving the EKE realism 
with respect to drifters observations. In particular, CFB reduces the intensity of standing eddies near Sardinia. AVISO largely underestimates the EKE. CFB, 
current feedBack to the atmosphere. AVISO, Archiving, Validation and Interpretation of Satellite Oceanographic data.
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4.3. Energy Conversion and Sink of Energy

To diagnose which processes drive the mesoscale activity reduction, fol-
lowing Marchesiello et al. (2003), a simplified EKE budget is computed 
from NOCRT and CRT (see Section 2 and Figure 7) and is averaged over 
the Alboran Sea, the Algerian Current, and the Catalan Sea (See boxes 
shown in Figure 1).

Over the Algerian Current, both KmKe and PeKe are important in explain-
ing the generation of eddies. CFB, by reducing the mean eddy wind work 
(FmKm) by ≈ 15% (not shown), causes a slow-down of the mean currents 
and a weakening (increase) of the barotropicity (baroclinicity) of the 
Algerian Current. As a result, it diminishes KmKe by ≈ 40% but doubles 
PeKe. The net conversion of energy from baroclinic and barotropic insta-
bilities remains finally the same from NOCRT to CRT. In the Alboran 
Sea, KmKe and PeKe are both significant while over the Catalan Sea, KmKe 
is second-order mechanisms (similar result is found for the Gulf of Li-
ons). However, in both regions, the energy conversion by KmKe and PeKe 
is barely affected by CFB, likely because, as for the Californian Upwelling 
(Renault et al., 2016c), the mean dynamics of these region is less strong 
than that of the Algerian Current (or Western Boundary Currents more 
generally).

Consistent with previous studies (Oerder et al., 2018; Renault et al., 2016c, 2016b, 2017b; Seo et al., 2016), 
the main effect of CFB consists to reduce FeKe (by ≈ 50%) by transferring energy from mesoscale currents 
toward the atmosphere. Note that here FeKe is positive because it is estimated using a Reynolds decompo-
sition that is based on a temporal filter. Such a filter does not capture only the atmospheric response to the 
CFB but all kind of “eddy wind work” (e.g., alongshore wind-driven currents). The sink of energy induced 
by the CFB can be furthermore estimated by considering the stress and current anomalies using a high-pass 
Gaussian spatial filter with a 50 km cut-off (Figure 8a). In such an estimate, FeKe is negative almost every-
where, revealing the transfer of energy from mesoscale currents to the atmosphere. The few positive values 
corresponds to remaining wind-driven currents or e.g., to wind expansion fans effects (Winant et al., 1988). 
Note that AVISO and QuikSCAT cannot be used to estimate a realistic FeKe because of limitations mainly 
due to their effective spatial resolution (Renault et al., 2017a), even in this region. In CRT, the still too low 
EKE between 0°E and 5°E over the Algerian Current is likely due to a weak a generation of eddies by baro-
tropic instability.

Finally, a spatial co-spectrum analysis of the geostrophic wind work (similar results are found with the total 
wind work) is performed using the daily surface stress and geostrophic currents for the Algerian Current 
and the Gulf of Lions (Figure 8b and see boxes on Figure 1). In CRT, the sinks of energy induced by CFB are 
clearly revealed by large negative values of the wind work co-spectrum from wavelength of 15 km to more 
than 200 km that are not present in NOCRT. Note that at the large scale, the wind work should be positive 
but the boxes used here are too small to significantly reflect it.

5. Dynamical Features Affected by CFB
In this section, we focus on some of the most remarkable dynamics of the 
WMS, and how they are affected by CFB.

5.1. Eddy Mean Flow Interactions

In the ocean, eddies feedback energy to the large-scale circulation 
through eddy-mean flow interaction (the inverse cascade of energy, 
Capet et al., 2008; LaCasce, 2012). An excessive mesoscale activity can 
induce a too large an eddy-flow interaction and destabilizes the mean 
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Figure 6. Probability density function of surface current velocity from 
drifters (red), NOCRT (blue), and CRT (green). The surface currents 
from the simulations have been smoothed using a two-day window to be 
comparable to drifters estimate. The error bar is estimated as the square 
root of the count of each bin. The number or bins (150) is estimated based 
on Freedman and Diaconis (1981).

Mean (cm s−1) Median (cm s−1)
Standard 

deviation (cm s−1)

Drifters 18.0 14.4 14.2

NOCRT 22.9 17.7 18.6

CRT 19.5 15.6 15.1

Table 1 
Statistics of Surface Current Velocity from Drifters and the Simulations
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currents (Renault et al., 2019b), like e.g., the formation of the Alboran Gyres in the WMS. As in Marchesiel-
lo et al. (2011), Arbic et al. (2013), and Renault et al. (2019b), the spectral kinetic energy flux Π(k), i.e., the 
energy transfer rate in k space, is estimated from NOCRT and CRT. Π(k) is computed as the integral in k of 
the KE advection term A(k) (assuming that the flux vanishes at the highest wavenumber kmax):

            
 
 

* *( ) ( ) ( ) ( ) h
H V h h h hA k A k A k w

z
uu u u uR  (8)

where the caret denotes a horizontal Fourier transform after removing the areal mean and performing sym-
metrization, to avoid edge effects in the periodization process. The asterisk notation * indicates the complex 
conjugate operator; the symbol R represents the real-part operator; the overbar represents an average in 
time over the whole period of the simulation (5 years). Π(k) is furthermore estimated as:

 Π( ) kmax
kk A dk (9)

As in Renault et al. (2019b), the error associated to Π(k) is assessed using a bootstrap method. Π(k) is then 
estimated over the Alboran Sea, the Algerian Current, the Catalan Sea, and the Gulf of Lions (Figure 9). Re-
nault et al. (2019b) demonstrate that CFB leads to more realistic representation of Western Boundary Cur-
rent through eddy killing that mitigates the interaction between eddies and the mean flow. Such a reduction 
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Figure 7. Depth-integrated simplified EKE-budget components based on a temporal Reynolds decomposition (m5 s−3) 
from NOCRT (blue) and CRT (green) over (a) the Alboran Sea, (b) the Algerian Current, and (c) the Catalan Sea. The 
eddy wind work (FeKeg) is positive due to the presence of wind-driven currents along the coast.
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is induced by the unambiguous physical energy sink mechanism. A similar result is found for the WMS 
where CFB reduces the inverse cascade of energy at the Alboran Sea, the Algerian Current and the Gulf of 
Lions (see boxes in Figure 1). For the Algerian Current, the reduction of the inverse cascade is mainly driven 
by the damping of the standing eddy near 6°E (not shown). In NOCRT, a too large a mesoscale activity leads 
to a too strong eddy-mean flow interaction. Noteworthy, over the Catalan Sea (see box in Figure 1), despite 
a similar EKE relative damping (by ≈ 25%) than the Algerian Current, the cascade of energy is only slightly 
reduced. This is explained by the absence of strong mean current and large mesoscale features such as the 
eddy near 6°E that has an important effect on the mean flow, which is largely mitigated by CFB. Note that as 
shown by Arbic et al. (2013) and Renault et al. (2019b), even for the World Ocean, the AVISO product does 
not allow to estimate properly the cascade of energy.

5.2. Alboran Gyres

As shown in Figures 2a and 2b, in the observations and in NOCRT, the Alboran Sea circulation is charac-
terized by the presence of two anticyclonic gyres, namely the Western Alboran Gyre (WAG) and the Eastern 
Alboran Gyre (EAG). While the WAG has a year around persistence and is very well defined in the mean 
SSH field, the EAG, located between 2.5°W and 1.5°W, is less intense and mainly exists during summer 
(Renault et al., 2012b; Vargas-Yáñez et al., 2002; Á. Viúdez et al., 1996, 1998). It is therefore less defined 
than the WAG in both AVISO and NOCRT. The EAG is often poorly represented in oceanic models. It can 
be too weak as in Sannino et al. (2015) and NOCRT or too intense and persistent as e.g., in Juza et al. (2016) 
or e.g., Beuvier et al. (2012). As shown in the literature, the Alboran gyres are influenced by several factors 
such as the Atlantic Jet (AJ) that enters the Alboran Sea through the Strait of Gibraltar (e.g., García Lafuente 
et al. 2007; Parrilla & Kinder 1987; Tintoré et al. 1991; Á. Viúdez et al. 1996, 1998), but also the bathymetry 
of the Gibraltar strait (influencing also the Atlantic Jet), flow-topography interactions and the coastline 
(Sannino et al., 2015).

From NOCRT to CRT, both WAG and EAG mean intensities are reduced (Figure 2bc). CFB, by inducing 
large sinks of energy from mesoscale currents to the atmosphere (Figure 8a) acts as an eddy killer, reduc-
ing the mesoscale activity and, thus, the eddy-mean flow interactions (Figure 9a). The partial control of 
the EAG by CFB can also be revealed by estimating the Empirical Orthogonal Functions (EOFs) on the 
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Figure 8. Exchange of energy between oceanic mesoscale currents and the atmosphere. (a) Spatial distribution of the eddy wind work estimated from CRT 
using a spatial filter, allowing to filter out most of the wind-driven currents. (b) Co-spectrum of FeKe over the Algerian Current and the Gulf of Lions (see boxes 
on Figure 1) from NOCRT (blue) and CRT (green). CFB causes sinks of energy from oceanic mesoscale currents to the atmosphere. CFB, current feedBack to 
the atmosphere.
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SSH after removing the long-term mean state. The EOFs modes represent the variation of the circulation 
with respect to the mean state. Consistent with Renault et al.  (2012b), the first EOF mode (not shown) 
explains ≈ 70% of the variance and is a manifestation of the steric contribution of the seasonal signal, in-
tensifying or weakening both WAG and EAG respectively during the spring–summer and the winter-fall. 
CFB does not have a significant impact on this mode. The second mode is depicted in Figures 10a and 10b 
and represents ≈ 13% of the variance in both NOCRT and CRT. Its spatial pattern shows an intensification 
or a weakening of the EAG depending on the sign of the associated time series (Figure 10c). In CRT, the 
intensification (or weakening) of the EAG is less intense than that in NOCRT. As a result, the EAG is still 
formed but remains less intense than that in NOCRT because of CFB.

To sum up, CFB has a significant impact on the Alboran Gyres formation, intensities, and variabilities, and 
is therefore one more ingredient that should be taken into account when assessing the dynamics of the area.

5.3. Algerian Current and Transport of Particles from Gibraltar to Sardinia

The Algerian Current is an along slope current that flows along the North African coast. This current 
can meander and generates large anticyclonic eddies (diameter of at least 100 km, Millot & Taupier-Le-
tage, 2005) that are reflected by a relatively large EKE (Figure 5). Strong and standing eddies near 6°E have 
been observed by Puillat et al. (2002); however, NOCRT is characterized by a classic bias, that is a too large a 
mesoscale activity with respect to the observations over that region (Figure 5) and the presence of too strong 
and frequent standing eddies that can be, as a result, seen in the mean SSH and mean associated circulation 
(Figures 2 and 3).

The net transport along the Algerian Current is estimated by following a Ψ contour of 0 Sv (as shown in 
Figure 3, this choice allows to effectively follow the Algerian Current) and by estimating the net transport as 
the difference between the maximal and minimal Ψ values across 100 km of the chosen contour (Figure 11, 
150 km does not change the result). Consistent with Pacanowski (1987) and Luo et al. (2005), from NOCRT 
to CRT, the mean wind work (FmKm) is reduced by ≈ 15% (not shown), which causes a slow-down of the 
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Figure 9. Spectral flux πKE(k) of surface oceanic geostrophic kinetic energy over the boxes represented in Figure 1 but excluding the lands for: (a) the Alboran 
Sea, (b) the Algerian Current, (c) for the Catalan Sea, and (d) the Gulf of Lions for coupled simulations without CFB (NOCRT, blue) and with CFB (CRT, red). 
The shaded curves represent the associated error as estimated using a bootstrap method. The CFB, via the Eddy Killing mitigates the inverse energy cascade, 
altering the Alboran Gyres and stabilizing the Algerian Current. CFB, current feedBack to the atmosphere.
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Algerian Current by ≈ 10% on an average along its path but up to 20% when 
the Algerian Currents reaches its maximal values. In NOCRT, standing 
eddies near Sardinia causes a strong disruption of the Algerian Current, 
largely reducing the net transport from 12  Sv to 2.5  Sv. In contrast to 
NOCRT and as discussed in Section 4.1, CRT, through the eddy killing 
mechanism and the associated sinks of energy (Figure 8a), has a weaker 
and more realistic EKE along the Algerian Current near Sardinia than 
that in NOCRT. As a result, as demonstrated in Section 5.1, CFB causes 
a reduction of the inverse cascade of energy (Figure  9b), in particular 
near 6° E, and, thus, a stabilization of the Algerian Current that does not 
represent anymore the large drop of transport near 6° E.

From NOCRT to CRT, two mechanisms have an antagonistic effect on 
the Algerian Current and on its transport of water masses. On the one 
hand, the slow-down of the mean currents should delay particles. On the 
other hand, the damping of the mesoscale activity causes less meanders, 
which should reduce the traveling distance of the particles and, thus, 
make them travel faster. To assess the extent to which CFB alter the mean 
transport of particles through the alteration of the Alboran Gyres and of 
the Algerian Current, the trajectories of numerical Lagrangian floats are 
integrated using the ARIANE package (Blanke et al., 1999). Particles are 
seeded every day in the Gibraltar Strait (see blue line in Figure 1) over 
the whole water column (about 106 particles in total). The particles are 
advected using the daily mean velocity fields over a time span of 5-year 
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Figure 10. Spatial load and time evolution of the second mode of the Empirical Orthogonal Function (EOF) analysis of the SSH field. SSH, sea surface height.

Figure 11. Ψ along the Algerian Current (see Figure 3), from NOCRT 
and CRT. On the one hand, CFB slows down the Algerian Current from 
NOCRT to CRT by 10% on average but up to 20%. On the other hand, in 
NOCRT, standing eddies near Sardinia causes a strong disruption of the 
Algerian Current, largely reducing the net transport. CFB, by damping 
these eddies, stabilizes this part of the Algerian Current. CFB, current 
feedBack to the atmosphere.
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in NOCRT and CRT and intercepted in three sections highlighted by the bluish lines in Figure 1: the Ibiza 
channel, a section between Ibiza and Sardinia and a section between Sardinia and Africa. Two diagnostics 
are used: the arrival time of the particles that flow through the Ibiza and the Sardinia sections; and the cor-
responding density changes of the particles as a function of their arrival time.

Figure 12a depicts the probability density function (PDF) of the arrival time of the particles at the Ibiza 
Chanel. About the same number of particles (~3%) flow through the Ibiza channel in NOCRT and CRT. 
However, as highlighted by the PDF and by the mean and median of the arrival time, from NOCRT to CRT, 
CFB causes a shift of the PDF to a longer arrival time, revealing a delay of the particles by ~ 10%. For these 
particles, the isopycnal mixing is not impacted by CFB (not shown). In NOCRT, 43% of the particles flow 
through the Sardinia section versus 50% in CRT (Figure 12b). This difference is explained by the presence of 
too strong and frequent standing eddies near 6° E in NOCRT. These eddies advect more particles northward, 
preventing them from reaching Sardinia. Additionally, as for the Ibiza section, CFB delay the particles, 
resulting in a shift of the PDF to a longer arrival time. From NOCRT to CRT, the mean and median travel 
times are increased by ~ 5% and ~ 11% respectively. Interestingly, particles reaching Sardinia are less mixed 
from NOCRT to CRT by 5%, which is likely due the less active mesoscale activity in CRT.

5.4. Retroflection of the Northern Current and Transport through the Ibiza Channel

As shown in Figure 2a, in the observations, the Northern Current flows southwestward along the French 
and Catalan coasts and generally retroflects between the Ibiza Channel and ≈ 40° N. Both simulations 
represent the Northern Current, however, they are both biased in their representation of its surface ret-
roflection, which is located too far downstream. In NOCRT (CRT), in winter, the inflow and outflow 
through the Ibiza Channel are 1.93 Sv and −1.38 Sv (1.86 Sv and −1.62 Sv) respectively, while in summer, 
the inflow and outflow are 1.92 Sv and −1.50 Sv (1.55 Sv and −1.28 Sv). Pinot et al. (2002) and Heslop 
et al. (2012) highlight from in situ observations the existence of a seasonal cycle of the net transport of 
1 Sv, which is represented neither in NOCRT nor in CRT. Due to too much downstream retroflection of 
the Northern Current, the outflow is too large in both simulations. It is interesting to note that, similar 
to the case of the North Atlantic basin (Renault et al., 2016b), from NOCRT to CRT, CFB induces a weak-
ening of both inflow and outflow, which is probably due to the slow-down of the mean flow induced by 
the large-scale effect of CFB.

Although the mean retroflection of the Northern Current is situated in in the Catalan Sea, the Northern 
Current retroflection can be classified in three categories: a classic retroflection that roughly corresponds 
to the mean retroflection position; an upstream retroflection that is caused by the presence of large ed-
dies, close to 41°N (Pascual et al., 2002); and a downstream retroflection that can make the Northern 
Current cross the Ibiza channel. The position of the surface retroflection of the Northern Current can be 
estimated using a method similar to that proposed by Loveday et al. (2014) for the Agulhas Current. The 
latitudinal position of the Northern Current is derived through a Sea Surface Height (SSH) contour and 
tracked through the 10-day averaged fields of the simulations and AVISO for the period 2004–2008. The 
value of the contour is determined from the SSH covering 43.6°N–43.8°N, 7.8°E–8.2°E and h > 300 m, 
i.e., a region where the flow is not too turbulent. The value of the southernmost contour is taken as the 
maximum extent of the loop (red point in Figure 13b). For each experiment and for AVISO, a meridional 
probability density function is computed by spatially grouping the estimated retroflection positions into 
boxes of 1° latitude. Such a method successfully captures downstream retroflection of the Northern Cur-
rent (see e.g., Figure 13b) but has difficulties in capturing its upstream retroflection (not shown). For this 
reason, we only use four boxes ranging from 37 °N to 41 °N. Figure 13a depicts the probability density 
function. In the observations, two categories of variability of the Northern current retroflection can be 
defined. The first category represents a central retroflection located north of 40°N. It represents 70% of 
the occurrences and also includes upstream retroflection. The second category represents a downstream 
retroflection and is illustrated in Figure 13b. Consistent with the previous results, from NOCRT to CRT, 
the distribution of the position of the retroflection is approximately the same, indicating that CFB does 
not have a strong influence on the Northern Current surface downstream retroflection. The distribu-
tion of the Northern Current retroflection in Figure 13a also confirms the over-representation of down-
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stream retroflection in both simulations (about 70% vs. 30% in observations). The similar representation 
of the surface Northern Current in NOCRT and CRT can also be confirmed by applying an EOFs analysis 
on the SSH in the Catalan Sea. It shows that NOCRT and CRT have approximately the same modes of 
variability in the Catalan Sea (not shown). This is also consistent with Figure  9c that represents the 
energy cascade for the Catalan Sea, i.e., where the downstream retroflection of the Northern Current 
occurs. As shown in Section 5.1, despite a damping of the mesoscale activity in the Catalan Sea of about 
25%, the inverse energy cascade, i.e., the eddy-mean flow interaction, in the Catalan Sea is only slightly 
affected by CFB.

Despite CFB does not strongly affect the surface retroflection of the Northern Current, Figure 3 reveals 
that CFB affects the barotropic transport by the Northern Current and the barotropic retroflection of the 
Northern Current. From a barotropic transport point of view, in NOCRT, the Northern Current retroflects 
upstream with respect to that in CRT, expressing more often an upstream retroflection. This is explained by 
a reduction of the inverse cascade of energy over the Gulf of Lions (Figures 9c and 9d) that mitigates short-
cut of the mean barotropic current by eddies.
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Figure 12. Arrival time of particles from the Gibraltar Strait to (a) the Ibiza Channel and (b) a section between Sardinia and Africa. (c) Density difference 
between the density of the particles at the Gibraltar Strait and that at Sardinia in function of the Arrival Time. The blue (green) color represents NOCRT (CRT).
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6. Low-Level Wind and Surface Stress Response to Mesoscale Ocean-
Atmosphere Coupling
6.1. Current Feedback Coupling Coefficients

As stated in Renault et al. (2019c), the CFB has a bottom-up effect, i.e., an upward effect. If first affects the 
surface stress, which in turn alters the low-level wind. CFB only has a systematic effect on the surface stress 
(wind) curl, but not on its divergence nor magnitude. To characterize, and then parameterize in a forced 
ocean model, the surface stress and wind responses to CFB, Renault et al. (2016c) and Renault et al. (2017a) 
define two coupling coefficients: sτ, which is estimated as the slope between the mesoscale surface currents 
vorticity and surface stress curl; and sw, which is the slope between the mesoscale surface current vorticity 
and wind curl (Section 2). As a first approximation, sτ can be interpreted as a measure of the efficiency of 
the eddy killing: the more negative the sτ, the more efficient the eddy killing is and, consequently, the larger 
the dampening of the mesoscale activity. The intensity of sw indicates the efficiency of the partial re-energi-
zation of the ocean by the wind response to the CFB (Renault et al., 2016c, 2019c): the more positive the sw, 
the more intense the partial re-energization of the ocean. In NOCRT, the two coupling coefficients are ≈ 0 
(not shown) because the CFB is ignored. sτ and sw estimated from CRT are shown in Figure 14. Consistent 
with Renault et al. (2017a, 2019c), sτ is characterized by a spatial variability (and a seasonal variability, not 
shown), and is negative everywhere, except where some orographic effects generate wind and subsequent 
wind-driven currents. sτ has a domain-averaged value of 

  20.92 10s  N s m−3. Consistent with previous 
studies, sw is positive almost everywhere and has domain-averaged value of 0.21.

As suggested by Renault et al. (2016a, 2017a) and tested by Renault et al. (2020), in a forced ocean model, 
the wind response to the CFB can be estimated as:

  ,wsa oU U (10)

while the surface stress response can be approximated as:

  ,s oτ U (11)

Renault et al. (2017a) demonstrate from satellite data that sτ can be predicted from the large-scale wind as 
in the following:

     3| | ,as U N m s (12)

RENAULT ET AL.

10.1029/2020JC016664

17 of 23

Figure 13. (a) Meridional distribution of the Northern current retroflection location for the period 2004–2008 from AVISO (red), NOCRT (blue), and CRT 
(green). Two categories of retroflection can be derived: a central retroflection and a downstream retroflection. CFB does not affect significantly the Northern 
Current retroflection. (b) Illustration of a downstream retroflection as estimated by the detection method (Section 5.4). The colors represent the sea surface 
height (SSH) from AVISO; the thick black contour represents the detected Northern current and the green and red dots the initial position of the detection and 
the Northern Current retroflection. CFB, current feedBack to the atmosphere. AVISO, Archiving, Validation and Interpretation of Satellite Oceanographic data.



Journal of Geophysical Research: Oceans

Jullien et al. (2020) and Renault et al. (2020), using a quasi-global coupled model found values of α = 2.4 
10−3 N m−4 s2, and β = 0.007 N m−3 s. α and β are derived from the linear regression between the 10-m wind 
and sτ and have an error bar of ≈ 20%. This relationship is verified for the Western Mediterranean region 
where the mean wind speed is ≈ 5.7 m s−1, which corresponds to a predicted 

  20.86 10s  N s m−3, i.e., 

close to the sτ mean value ( 
  20.92 10s  N s m−3).

6.2. On the Thermal Feedback Coupling Coefficients

As for CFB, the TFB also induces mesoscale wind and stress curl anomalies that further generate addi-
tional Ekman pumping that can influence the propagation of eddies (Seo et al., 2016) and biogeochemical 
variability. As discussed in Section 2, Chelton et al. (2001) define four TFB coupling coefficients between 
the SST gradients and the curl (divergence) of wind and stress. As shown in Renault et al.  (2019c), the 
coupling coefficient between mesoscale stress/wind curl and transverse stress/SST gradient (sCw and sCstr) 
is contaminated by the effects of CFB. For this reason, all the TFB coupling coefficients are estimated from 
NOCRT. Figure 15 represents the four coefficients mentioned above. Consistent with the results obtained 
for other regions (e.g., Chelton et al., 2007; Desbiolles et al., 2014), the positivity of the coupling coefficients 
reflects the fact that mesoscale SST anomalies also induce 10 m wind and surface stress curl and divergence 
anomalies over the WMS. In some locations, the coefficients are negative and are probably contaminated 
by orographic effects (Renault et al., 2016a). Overall, the highest values of the curl coefficients (i.e., sCw and 
sCstr, Figures 15a and 15c) highlight the regions where TFB induces the largest ocean vertical velocities.

7. Discussion
In this study, we have shown that current feedback to the atmosphere (CFB) plays an important role in 
determining WMS dynamics at both the large-scale and mesoscale. Similar to the case of the World Ocean, 
CFB has two main direct effects. First, it reduces the mean input of energy from the atmosphere into the 
ocean and subsequently slows down the mean circulation. On the other hand, the CFB acts like a mesos-
cale eddy killer by inducing energy sinks of energy from mesoscale oceanic currents into the atmosphere, 
thus, damping the mesoscale activity by about 25%. These two effects interact to a large extent and affect 
the WMS circulation and its intermittency, improving the realism of the simulation with respect to drift-
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Figure 14. Coupling coefficients between (a) the mesoscale surface currents vorticity and the mesoscale surface 
stress curl (sτ, see Section 2) and (b) the mesoscale surface currents vorticity and the mesoscale 10-m wind curl (sw, 
see Section 2). Consistent with the literature, the CFB induces persistent surface stress curl anomalies that are anti-
correlated with the surface currents. These anomalies are responsible of the sinks of energy in Figure 7. They also 
generate wind anomalies that are correlated with the surface currents and induce a partial re-energization of the ocean. 
CFB, current feedBack to the atmosphere.
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ers observations. The effects of the CFB on the mean circulation are also revealed by a barotropic vortic-
ity budget. We have shown that in the simulation that ignores CFB, the WMS cyclonic gyre circulation is 
mainly controlled by the curl of the surface stress and the nonlinear torque, which are compensated by the 
bottom drag and the bottom pressure torque. The CFB reduces wind stress curl and nonlinear torque effects 
by mitigating surface stress and slowing down the mean circulation and eddies. The bottom pressure torque 
becomes a second-order mechanism, revealing a flattening of the isopycnes by CFB. As for Western bound-
ary currents, the reduction of the mesoscale activity weakens the eddy-mean flow interaction, altering Alb-
oran Gyres and the Northern current retroflection and stabilizing and slowing down the Algerian Current.

A simulation without CFB may overestimate the transport of water masses and biogeochemical materials 
by eddies. By weakening the strength of the Algerian Current and of its associated mesoscale activity, CFB 
also has a significant impact on the transport of particles, making them traveling slower and altering the 
associated isopycnal mixing. This has implications e.g., for connectivity studies and plastic Lagrangian ad-
vection studies. In the simulations analyzed in this study, the effect of the CFB rectifies long-standing biases 
of the Western Mediterranean Sea circulation that are present in eddy-rich oceanic models such as a too 
meandering an Algerian Current. It also alters emblematic features of the WMS such as the Alboran Gyres. 
However, CFB is obviously not the only driver of the WMS circulation. The Atlantic Jet, that flows through 
the Gibraltar strait, has a large control on the formation of the Alboran Gyres. Our simulations are, there-
fore, sensitive to the open boundary conditions and to the model used to force the simulations (MFS here). 
Other factors can also largely alter the Alboran Gyres, the Algerian Current, and the Northern Current such 
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Figure 15. Thermal coupling coefficients (a) sCw, (b) sCstr, sDw, and sDstr as estimated from NOCRT (see Section 2). The 
TFB induces mesoscale wind (stress) curl and divergence anomalies, which are not correlated with the surface currents, 
and, thus, which do not induce conduits of energy between mesoscale oceanic currents and the atmosphere. TFB, 
thermal feedback.
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as the vertical mixing parameterizations, but overall the bottom drag that plays an important role in the 
barotropic vorticity budget. However, our results confirm that the wind should not be considered only as a 
forcing that gives energy to the ocean initiating a turbulent cascade. It also has direct strong interactions at 
mesoscale and induces conduits of energy between the ocean and the atmosphere over the entire oceanic 
spectrum.

The CFB and TFB coupling coefficients have been estimated. Consistent with other regions of the World 
Ocean, the coupling coefficient between the mesoscale oceanic currents and surface stress curl (sτ) is nega-
tive everywhere and can be predicted from the large-scale wind or stress. Such a predicted coefficient can be 
used to mimick the CFB in a forced ocean model. Finally, the TFB coupling coefficients defined by Chelton 
et al. (2001) (sCstr, sDstr, sCw, sDw) have been estimated for the first time for the WMS. As for other regions, 
the SST mesoscale anomalies cause wind/stress curl and divergence anomalies. Both wind curl anomalies 
induced by the CFB and the TFB may be important to represent in a forced ocean model for the biogeo-
chemistry as they cause additional oceanic vertical velocities by Ekman pumping. We intend to investigate 
this soon.

In summary, the effects of CFB highlighted in this study affect some of the main features of the dynamics 
in the WMS. Such an influence now needs to be assessed in climate simulations at basin scale, i.e., over the 
whole Mediterranean Sea and over a longer period of time. By altering the properties of the Atlantic water 
flowing from the Gibraltar Strait to Levantine basin, it is likely that CFB also affects the formation of the 
Levantine Intermediate Waters, and subsequently the deep water formation in the Aegean Sea, the Adriatic 
Sea, or in the Gulf of Lions. Also, as shown by Giordani et al. (2017), the deep water formation process itself 
over the Gulf of Lions is largely influenced by a strong mesoscale activity and important current-wind in-
teractions during the deep-convection phase, hence, providing advantageous conditions for CFB. A similar 
methodology as in Waldman et al. (2017), i.e., based on ensemble simulations to discriminate the chaotic 
nature of the ocean, must be performed to confirm this hypothesis and understand the extent to which 
the CFB can influence deep water formation over the Gulf of Lions (or other deep water convection sites). 
From an atmospheric point of view, as for the Agulhas Current (Renault et al., 2017b), in addition to the 
induced mesoscale wind anomaly, the CFB might have a large influence on precipitation by changing the 
mean oceanic circulation and the near-surface water masses. A regional high-resolution atmospheric model 
is usually very expensive compared to a forced oceanic model. To estimate the oceanic response to CFB on 
a basin and climate scale, the CFB parameterizations proposed by Renault et al. (2020) could, therefore, be 
used within the framework of a forced oceanic model.

Data Availability Statement
Data can be downloaded from http://research.atmos.ucla.edu/lrenault/WMED/
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