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Abstract In the past decades, the use of scatterometer data allowed to demonstrate the global ubiquity
of the ocean mesoscale thermal feedback (TFB) and current feedback (CFB) effects on surface winds and
stress. Understanding these air-sea interactions is of uttermost importance as the induced atmospheric
anomalies partly control the ocean circulation and thus can influence the Earth climate. Whether the TFB
and CFB effects can be disentangled, and whether satellite scatterometers can properly reveal them, remain
rather unclear. Here, using satellite observations and ocean-atmosphere coupled mesoscale simulations
over 45◦S to 45◦N, we show that the CFB effect can be properly characterized and unraveled from that due
to the TFB. We demonstrate that the TFB can be unambiguously characterized by its effect on the stress
(and wind) divergence and magnitude. However, its effect on the wind and stress curl is contaminated by
the CFB and thus cannot be estimated from scatterometer data. Finally, because scatterometers provide
equivalent neutral stability winds relative to the oceanic currents, they cannot characterize adequately the
CFB wind response and overestimate the TFB wind response by ≈25%. Surface stress appears to be the
more appropriate variable to consider from scatterometer data.

1. Introduction
In the past decades, air-sea interactions at the oceanic mesoscale (i.e., scales of tens to hundreds of kilo-
meters and tens to hundreds of days, e.g., Chelton et al., 2007; McWilliams, 2008; Stammer, 1997; Wunsch
& Stammer, 1995) have received a growing interest from the scientific community (Chelton & Xie, 2010)
and have been shown to have a large influence on both wind and surface stress (Chelton et al., 2001, 2007;
Gaube et al., 2015; O'Neill et al., 2012; Perlin et al., 2014; Renault, Molemaker, Mcwilliams, et al., 2016). In
the literature, two main interactions have been assessed: the influence of the sea surface temperature (SST)
on the atmosphere, that is, the thermal feedback (TFB) and the influence of the surface oceanic currents on
the surface stress and wind, that is, the current feedback (CFB).

The TFB has a "top-down" effect: it modifies the atmospheric boundary layer (ABL) turbulence and the wind,
which consequently alter the surface stress. In that case, the surface stress-induced anomalies are directly
related and positively correlated to the wind-induced anomalies (Chelton et al., 2004). Small et al. (2008) pro-
vide a review of the different processes involved. The TFB has a linear effect on the stress and the wind curl,
divergence, and magnitude (Chelton & Xie, 2010; Chelton et al., 2004; O'Neill et al., 2003; Small et al., 2009).
This has been quantified by coupling coefficients (Chelton et al., 2007, 2011; Desbiolles et al., 2016; Oerder
et al., 2016; O'Neill et al., 2012; Perlin et al., 2014; Wang & Castelao, 2016) defined between (see section
2 and Table 1 for a complete description): wind/stress curl and cross-wind/stress SST gradient (sCu/sCstr);
wind/stress divergence and down-wind/stress SST gradient (sDu/sDstr); wind/stress speed anomalies and SST
anomalies (Su/Sstr). On the oceanic side, Hogg et al. (2009), using a high-resolution quasigeostrophic ocean
model, suggest that the mesoscale TFB could slow down the large-scale currents. More recently, Ma et al.
(2016) and Seo (2017) suggested that the TFB generates wind velocity and turbulent heat fluxes anomalies
that could impact the western boundary currents (WBCs).

The surface oceanic currents are generally much weaker than the winds, but their interactions with the sur-
face wind and stress (the CFB) influence both the atmosphere and the ocean (e.g., Bye, 1985; Rooth & Xie,
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Table 1
Coupling Coefficients

Coefficient Description
s𝜏 Surface current vorticity and surface stress curl
sw Surface current vorticity and wind curl
sCstr Cross-wind SST and surface stress curl
sCu Cross-wind SST and 10-m wind curl
sDstr Down-wind SST and surface stress divergence
sDu Down-wind SST and 10-m wind divergence
sstr SST and surface stress magnitude
su SST and 10-m wind magnitude

1992; Dewar & Flierl, 1987; Duhaut & Straub, 2006; Eden & Dietze, 2009; McClean et al., 2011; Hutchinson
et al., 2010; Anderson et al., 2011; Renault, Molemaker, Mcwilliams, et al. 2016; Renault, McWilliams, Mas-
son, et al., 2017); Oerder et al., 2018). Contrarily to the TFB, the CFB modifies directly the surface stress (Bye,
1985; Chelton et al., 2001) and has a “bottom-up” effect on the wind: a positive current anomaly creates a
negative stress anomaly, which in turn causes a positive wind anomaly (Renault, Molemaker, Mcwilliams,
et al., 2016; Takatama & Schneider, 2017). Therefore, wind and stress anomalies induced by the CFB are anti-
correlated. Although the CFB modifies directly the surface stress, it does not have statistically a systematic
effect on the stress (wind) magnitude as a current anomaly can induce a positive or a negative stress (wind)
anomaly depending on the wind direction. At the mesoscale, the ocean currents are very nearly geostrophic
and mainly nondivergent, so that the mesoscale CFB mainly affects the stress (wind) curl but not its diver-
gence (Chelton et al., 2004; Oerder et al., 2018; O'Neill et al., 2003; Renault, Molemaker, Mcwilliams, et al.,
2016; Renault, McWilliams, Masson, et al., 2017) demonstrate that the CFB causes surface stress/wind curl
anomalies that are both linearly related to the current vorticity. They define two additional coupling coeffi-
cients: one between surface current vorticity and stress curl (s𝜏 ); and one between surface current vorticity
and wind curl (sw). The CFB slows down the mean oceanic currents (e.g., Pacanowski, 1987; Luo et al., 2005)
and induces a dampening of the eddy mesoscale activity by ≈30% by acting as an “eddy killer,” that is, by
causing a sink of energy from the eddies to the atmosphere (e.g., Anderson et al., 2011; Bye, 1985; Dewar
& Flierl, 1987; Duhaut & Straub, 2006; Eden & Dietze, 2009; Hutchinson et al., 2010; McClean et al., 2011;
Oerder et al., 2018; Renault, Molemaker, Mcwilliams, et al., 2016, Renault, McWilliams, Masson, et al., 2017;
Rooth & Xie, 1992; Xu & Scott, 2008). It appears crucial to represent the CFB in numerical oceanic models as
it partly controls the WBCs dynamics (Renault et al., 2019; Renault, Molemaker, Gula, et al., 2016, Renault,
McWilliams, Penven, et al., 2017). Characterizing and modeling the mesoscale air-sea interactions and their
consequences on the ocean dynamics and biogeochemistry is therefore of uttermost importance.

Scatterometers such as QuikSCAT have been largely used to characterize the wind/stress responses to the
mesoscale TFB and CFB. Scatterometers represent a unique measurement technique that allowed the scien-
tific community to improve its understanding of the air-sea interactions. In particular they have been used to
demonstrate the global ubiquity and the seasonality of both TFB and CFB effects on surface winds at oceanic
mesoscale (see, e.g., Kelly et al., 2001; Cornillon & Park, 2001; Chelton et al. (2001, 2004); Chelton and Xie
2010; O'Neill et al., 2010, 2012; Renault, McWilliams, Masson, et al., 2017). They have also motivated mod-
els development and analysis, like the study presented here. As detailed in section 2, within a scatterometer
framework, an important point to clarify is the definition of the 10-m wind. Hereinafter, the 10-m wind Ua
is defined as the absolute wind at the first vertical level of the atmospheric model (which has been defined
at ≈10 m), whereas the relative wind Ur is defined as the difference between Ua and the surface oceanic
currents. Satellite scatterometers (such as QuikSCAT) provide a 10-m wind that does not correspond to Ua.
It is reported as the so-called equivalent neutral stability wind (UENW, Ross et al., 1985, see section 2). Based
on in situ data analysis, the ENW has been shown to overestimate Ua and its mesoscale response to the
TFB from 10% to 30% (Liu & Tang, 1996; Liu et al., 2007; O'Neill, 2012; O'Neill et al., 2010). Moreover, as
suggested by, for example, Chelton et al. (2001); Kelly et al. (2001), Cornillon and Park (2001), and Plagge
et al. (2012), scatterometers winds represent the ENW (UENWr) relative to the surface currents rather than
the absolute ENW. Scatterometers may therefore induce errors in the characterization of the TFB and CFB
effects on the wind.
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Both TFB and CFB affect the stress and the wind but because the mesoscale currents are very nearly
geostrophic (thus, very often proportional and perpendicular to the SST gradients), the stress mesoscale
anomalies induced by the CFB can also be proportional and perpendicular to the SST gradients (Perlin et al.,
2014). Chelton et al. (2001) suggest that the TFB effect on wind stress curl observed by scatterometers could
be contaminated by the CFB effect. So far, it is still unclear how to unravel the TFB effect from that due to
the CFB and thus whether the defined coupling coefficients allow to properly separate the mesoscale TFB
and CFB effects on wind and surface stress. Without consistent measurements of surface ocean velocity, it
is not possible to separate the effects of TFB and CFB on the curl fields. So far, only coupled models can
be used to separate the CFB effect from the TFB effects. Using a numerical model off California, Renault,
Molemaker, Mcwilliams, et al. (2016) recently showed that the coupling coefficients s𝜏 and sw allow to dis-
tinguish the CFB from the TFB effect on the surface stress and on the wind. However, this has not been yet
demonstrated globally.

In this study, a set of three realistic mesoscale-resolving ocean and atmosphere-coupled simulations are
carried out over the region 45◦S to 45◦N (Samson et al., 2017) for a period of 5 years. The simulations differ by
the coupling effects they are resolving, including or not the mesoscale TFB and the CFB (see section 2). Based
on these simulations and available satellite data, the aim of this study is twofold. First, it strives to assess
to what extent the various coupling coefficients allow disentangling the TFB from the CFB. Second, it aims
to determine whether scatterometers can adequately monitor the wind and stress responses to mesoscale
air-sea coupling.

2. Data, Models, and Methods Description
2.1. Data
2.1.1. Surface Stress and Wind From QuikSCAT
The surface stress and ENW are obtained from the QuikSCAT gridded product from Ifremer (Bentamy et al.,
2013) for the period 2000–2008. It has a spatial resolution of 0.25◦.
2.1.2. AVISO Altimetry
The daily absolute dynamic topography fields are obtained from the AVISO product (Ducet et al., 2000) for
the period 2000–2008. The sea level anomaly data are based on a square grid of 0.25◦. The daily absolute
dynamic topography maps are then produced by adding the mean dynamic topographic data to the sea level
anomaly (Rio et al., 2014).
2.1.3. SST
The daily SST fields used here have a spatial resolution of 0.25◦ and are obtained from the OI SST analysis
version 2 over the time period 2000–2008. A full description of the complete analysis procedure can be found
in Reynolds et al. (2007).

2.2. Model Description
The numerical models and configurations are the same as the ones employed in Samson et al. (2017), and
the following models' descriptions are derived from there. The oceanic simulations were performed with
the Nucleus for European Modelling of the Ocean (NEMO) v3.4. A complete description of this model can
be found in Madec and The NEMO team (2015). The atmospheric component is the Weather Research
and Forecasting (WRF) version 3.3.1, which solves compressible, nonhydrostatic Euler equations with the
Advanced Research WRF (ARW) dynamical solver (Skamarock et al., 2005). NEMO and WRF are coupled
through the OASIS3-MCT coupler (Craig et al., 2017).

2.3. Coupled Model Configuration and Experiments
The oceanic (atmospheric) component uses an Arakawa-C grid, based on a Mercator projection at 1/12◦

(1/4◦) resolution. The geographical domain of this coupled model is a tropical channel extending from 45◦S
to 45◦N, with the oceanic grid being a prefect subdivision by three of the atmospheric grids. The ocean
vertical grid has 75 levels, with 25 levels above 100 m and a resolution ranging from 1 m at the surface to
200 m at the bottom. The atmospheric grid has 60 eta levels with a top of the atmosphere located at 50 hPa.
The WRF default vertical resolution has been multiplied by three below 800 hPa. Thus, the first 33 levels
are located below 500 hPa with the first 𝜂 base level located at 10 m over the ocean.

As in Samson et al. (2017), the physical package used in WRF is the longwave rapid radiative transfer model
(RRTM; Mlawer et al., 1997, the “Goddard” Short Wave (SW) radiation scheme (Chou & Suarez, 1999),
the “WSM6” microphysics scheme (Hong & Lim, 2006), the Betts-Miller-Janjic (BMJ) convection scheme
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Table 2
Main Ocean-Atmosphere Coupled Experiments

Experiments Mesoscale SST feedback Current feedback
CTRL Yes Yes
NOCRT Yes No
SMTH No Yes

Note. All the simulations consider the large-scale SST feedback (see section
2). SST = sea surface temperature.

(Betts & Miller, 1986; Janjić, 1994), the Yonsei University (YSU) planetary boundary layer scheme (Hong et
al., 2006), the unified NOAH Land Surface Model (LSM) with the surface layer scheme from MM5 (Chen &
Dudhia, 2001)). WRF lateral boundary conditions are prescribed from the European Centre for
Medium-Range Weather Forecasts ERA-Interim 0.75◦ resolution reanalysis (Dee et al., 2011) at 6-hourly
intervals.

The ocean physics used in NEMO corresponds to the upstream-biased third-order scheme (UBS; Farrow
& Stevens, 1995; Shchepetkin & McWilliams, 2009; Webb et al., 1998) advection for the tracers and the
dynamics with no explicit diffusivity and viscosity. The vertical eddy viscosity and diffusivity coefficients
are computed from a TKE turbulent closure model (Blanke & Delecluse, 1993). The oceanic open boundary
conditions are prescribed with an interannual global 1

4
◦ simulation (DRAKKAR; Brodeau et al., 2010). In

order to benefit, at a limited cost, from a fully spun-up mesoscale circulation in the initial conditions of the
1

12
◦ ocean, we first run a 5-year-long ocean forced simulation initialized from 1

4
◦ DRAKKAR simulation and

using the exact same NEMO 1
12

◦ configuration than in our coupled simulations.

As described in Table 2, three 5-year coupled simulations are performed over the 1989–1993 period. The
simulations only differ by the degree of coupling they consider. In the control run (CTRL), WRF gives
NEMO hourly averages of freshwater, heat, and momentum fluxes; whereas, the ocean model sends WRF
the hourly SST and surface currents. In CTRL, the surface stress is estimated using the wind relative to the
ocean motions: Ur = Ua − Uo. Note that the use of relative winds also involves a modification of both
the surface layer vertical mixing parameterization (YSU in our case) and the tridiagonal matrix for vertical
turbulent diffusion (Lemarié, 2015). In NOCRT, the ocean model sends WRF only the SST. Finally, in the
third simulation, hereafter called SMTH, NEMO sends WRF the surface currents and a smoothed SST. The
smoothed SST fields are obtained using the filter described hereafter.

Finally, to confirm the results obtained with SMTH (see section 4 on the TFB coupling coefficients) and
to test the robustness of the spatial filter, an additional coupled simulation called SMTH_NOCRT has been
carried out. The ocean model sends WRF only the smoothed SST (the CFB is ignored). The comparison
between SMTH and SMTH_NOCRT shows that some of the mesoscale stress (and wind) signal in SMTH is
still due to the TFB as it cannot be attributed to the CFB (see section 4). To remove all the mesoscale signal,
a much larger filter should be used. However, such a filter would suffer from the drawback that it could also
modify the large-scale signal, which would complicate the comparison of the simulations.

2.4. Spatial Filter
Following Putrasahan et al. (2013) and Seo et al. (2015), and as described in Renault, McWilliams, Masson,
et al. (2017), the mesoscale anomalies are isolated from the large-scale signal by using a spatial filter. A field
𝜙 is smoothed using a Gaussian spatial filter with a standard deviation of 4 (12) grid points at 1/4◦ (1/12◦).
Gaussian weights located at a distance larger than 3 standard deviation of the Gaussian (𝜎) are considered
zero. The Gaussian filter is thus applied on a (6𝜎 + 1) × (6𝜎 + 1) window, which makes 25 × 25 points
at 1/4◦, or 73 × 73 points at 1/12◦, which corresponds to≈6◦ × 6◦. The filter cutoff is about 250 km. Land
points are treated as missing data and the weights of windows including land points are renormalized over
the remaining oceanic points. Mesoscale anomalies of a field 𝜙 are then defined as 𝜙′ = 𝜙 − [𝜙], with [𝜙]
the smoothed field. Note that because the same filter is used in both SMTH and in the estimation of the
coupling coefficients described hereafter, a larger filter cutoff would lead to similar results than the ones
presented in this study.
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2.5. The 10-m Wind, Equivalent Neutral Wind, and Wind Relative to the Oceanic Motions
Three different sorts of wind are defined:

• The 10-m wind Ua is defined as the wind at the first vertical level of the atmospheric model, which has
been defined at ≈10 m.

• The relative wind Ur = Ua − Uo, with Uo being the oceanic surface current. Because the first vertical level
is often not defined around 10 m, the 10-m wind is often diagnosed from the friction velocity and some
atmospheric parameters. However, such a definition does not allow to estimate the absolute 10-m wind
but rather the relative Ur .

• Satellite scatterometers (such as QuikSCAT) provide a 10-m wind; however, it does not correspond to Ua:
it is estimated from the pseudo-stress and is reported as the so-called ENW (Bentamy et al., 2013), that is,
the wind that would exist if the conditions were neutrally stable (Ross et al., 1985). As further confirmed in
this study, it actually represents the ENW relative to the surface current (UENWr) rather than the absolute
ENW. Following, for example, Perlin et al. (2014), the UENWr can be computed as

UENWr =
u∗

k
(ln 10

z0
) (1)

where the friction velocity u∗ and roughness length z0 (in meters) are taken at each output interval, and
k = 0.4 is the von Karman constant.

2.6. Coupling Coefficients
Table 1 provides a synthetic description of the coupling coefficients described hereafter.
2.6.1. CFB Coupling Coefficients
As in Renault, Molemaker, Mcwilliams, et al. (2016) and Renault, McWilliams, Masson, et al. (2017), s𝜏
is defined as the slope of the robust regression (Li, 1985) between surface stress curl and oceanic current
vorticity. It is evaluated at each grid point for both the simulations and the observations. The fields are first
temporally averaged using a 29-day running mean to suppress the weather-related variability (Chelton et al.,
2007), and the large-scale signal is removed using the same high-pass Gaussian spatial filter used in the
simulation SMTH with a 250-km cutoff (roughly corresponding to the eddy scale, as in, for example, Seo
(2017), see filter description above). Note that a 15-day running mean has the same filter cutoff frequency as
the Gaussian filter used in this study (see section 2.4) but does not efficiently suppress the weather-related
variability because of the sidelobes of its filter transfer function.

The sw is defined as the slope of the regression between 10-m (or ENW) wind curl and oceanic current
vorticity. It is evaluated at each grid point for both the simulations and the observations. As for s𝜏 , the fields
are first temporally averaged using a 29-day running mean and spatially high-pass filtered.
2.6.2. TFB Coupling Coefficients Based on Derivatives
Consistent with Chelton et al. (2007) and Wang and Castelao (2016) and numerous other studies, the follow-
ing coupling coefficients have been estimated for the summer period of each hemisphere: 10-m (or ENW)
wind curl and cross-wind SST gradient (sCu); 10-m (or ENW) wind divergence and down-wind SST gradi-
ent (sDu); wind stress curl and cross-stress SST gradient (sCstr); wind stress divergence and down-stress SST
gradient (sDstr). The method used here is similar to the one applied by Chelton et al. (2007) and Wang and
Castelao (2016). The cross-wind (cross-stress) and down-wind (down-stress) components of the SST gra-
dient are computed for each daily QuikSCAT Wind UENWr (surface stress) and daily SST. Note that using
3-day-averaged field does not change the results. To remove the atmospheric synoptic variability, a 29-day
running window is then applied on the cross-wind and down-wind (cross-stress and down-stress) SST gra-
dient, wind and surface stress curl, and divergence. Anomalies of each variable are finally computed using
the spatial Gaussian high-pass filter (250-km cutoff, see above). Following such a method allows to repro-
duce, for example, the Figure 1 from Wang and Castelao (2016). The same method is applied with the model
fields.
2.6.3. TFB Coupling Coefficients Based on Mesoscale Anomalies
The coupling coefficients defined by O'Neill et al. (2012) have been computed. They are based on mesoscale
SST and the magnitude of wind (su) or surface stress (sstr). As in O'Neill et al. (2017), the influence of the
storms have been damped out by removing large wind speed or surface stress magnitude with values greater
than 2 standard deviations 𝜎 from the time mean at each grid point. This procedure allows removing poten-
tial biases in the TFB response estimate that can be induced by the storms (atmospheric forcing vs. SST
feedback). It removes less than 10% of the points. The mesoscale anomalies are then estimated using the
spatial filter described above.
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Figure 1. The current feedback to the atmosphere induces persistent surface stress anomalies that can be expressed
using a linear relationship. The coupling coefficient between the surface geostrophic current vorticity and the surface
stress curl (s𝜏 ) is able to efficiently isolate the current feedback from the thermal feedback. (a) The s𝜏 as estimated from
the observations. (b) The s𝜏 as estimated from CTRL. (c) The s𝜏 as estimated from NOCRT.

3. Disentangling the CFB
As stated in section 1, the CFB has only a systematic effect on the stress/wind curl. This is further examined
in this section.

3.1. Effect on the Surface Stress Curl
The coupling coefficient between the current vorticity and the stress curl (s𝜏 ) is estimated from satellite
altimeter data (AVISO and a QuikSCAT product, as in Renault, McWilliams, Masson, et al. (2017)) and
compared to CTRL and NOCRT (Figure 1). In the observations and in CTRL, s𝜏 is negative almost every-
where (Figures 1a and 1b): a positive surface current vorticity anomaly causes a negative surface stress curl
anomaly. The s𝜏 can be interpreted as a measure of the CFB efficiency: the more negative a s𝜏 , the more
efficient an eddy killing. It primarily depends on the large-scale wind: the larger the wind speed, the more
negative s𝜏 (Renault, McWilliams, Masson, et al., 2017, and equation 17 from ; Gaube et al., 2015). The s𝜏
therefore partially determines the sink of energy induced by the CFB (Renault, Molemaker, Gula, et al.,
2016; Xu & Scott, 2008; Xu et al., 2016), as a large sink of energy needs the presence of both an important
mesoscale activity and a negative s𝜏 (Renault, McWilliams, Masson, et al., 2017). The s𝜏 in CTRL is overes-
timated by ≈50% with respect to the observations. While part of that discrepancy is certainly due to model
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Figure 2. The current feedback to the atmosphere induces persistent surface 10-m wind anomalies that can also be
expressed using a linear relationship. As s𝜏 , the coupling coefficient between the surface geostrophic current
vorticity and the 10-m wind curl (sw) is able to efficiently isolate the current feedback from the thermal feedback.
Scatterometers such as QuikSCAT are not able to characterize the wind response to the current feedback. (a) The sw as
estimated from the observations. (b) The sw as estimated from CTRL using the relative equivalent neutral wind wind.
(c) The sw as estimated from CTRL using the 10-m wind.

biases, there are important sampling differences between AVISO and QuikSCAT that can have a large influ-
ence on the s𝜏 estimate (see Figure 2 of the supporting information of Renault, McWilliams, Masson, et al.,
2017). In NOCRT, where only the TFB is still active, s𝜏 strongly reduces (by more than 96%), becoming very
weak everywhere (Figure 1c), indicating that the mesoscale surface current vorticity is not correlated with
the mesoscale surface stress curl. Thus, at the mesoscale, s𝜏 efficiently unravels the CFB effect on the sur-
face stress from that due to the TFB. This result is further confirmed by estimating s𝜏 from SMTH where the
CFB is active and the mesoscale SST is ignored by the atmosphere. In such an experiment, s𝜏 is very similar
to that estimated from CTRL (not shown).

3.2. Effect on the 10-m Wind Curl and Scatterometers Limitations
To characterize globally the wind curl response to the CFB, the coupling coefficient between the surface
current vorticity and the wind curl (sw) is first computed from CTRL using Ua. The s𝜏 and sw have opposite
sign (Figures 1b and 2c); that is, a positive surface current vorticity anomaly induces a negative surface stress
curl anomaly, which in turn causes a positive wind curl anomaly (Renault, Molemaker, Mcwilliams, et al.,
2016). The sw varies from 0 to 0.5 with a mean value of≈0.3. For example, it means that a mesoscale eddy with
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Figure 3. The surface current vorticity can partially drive the mesoscale wind curl variability. Scatterometers wind can
not monitor it. a) Temporal correlations between the surface stress and the relative ENW from CTRL. b) Temporal
correlations between the surface stress and the 10-m absolute wind from CTRL. c) Temporal correlations between the
surface stress and the 10-m absolute wind from SMTH. The larger correlations (in red) indicate regions where the
mesoscale wind determines the stress ("top-down" effect). Negative correlations highlight regions where the current
forces the mesoscale wind ("bottom-up" effect).

a velocity of 1 m/s will induce on average a wind velocity anomaly of 0.3 m/s. From the atmospheric point
of view, the wind response to the CFB remains weak. However, sw can be interpreted as a measure of the
efficiency of the partial reenergization of the ocean by the wind response to the CFB (Renault, Molemaker,
Mcwilliams, et al., 2016): the larger sw, the larger the partial reenergization of the mesoscale currents. For
the California upwelling System, sw = 0.23 and the partial reenergization is ≈25%. In NOCRT, consistent
with the previous result on s𝜏 , sw becomes very weak (not shown) and thus appears to be a good metric to
characterize the wind response to the CFB.

Figure 2b shows that sw evaluated from the observations and from CTRL are of opposite sign, observed sw
from satellite being negative everywhere with a mean value of ≈ −0.54. This is because QuikSCAT scat-
terometer winds represent UENWr (e.g., Chelton et al., 2001; Cornillon & Park, 2001; Kelly et al., 2001; Chelton
et al., 2004) rather than UENW or Ua. The sw is therefore strongly positively correlated to s𝜏 (r > 0.8). To
confirm it, sw is estimated from CTRL mimicking scatterometer winds by using the relative ENW (swENWr,
Figure 2b), and by using Ur (swr). The swENWr and swr are very alike (not shown) and are a mirror of s𝜏 . This
confirms that scatterometers can characterize the relative wind (Ur) response to the CFB; however, it would
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Figure 4. The coupling coefficient between the surface stress curl and the cross-wind SST (sCstr) does not properly isolate the thermal feedback from the
current feedback: the current feedback can cause surface stress mesoscale features that are correlated with the cross-wind SST. Similar results are found for sCu.
(a) sCstr as estimated from the observations for the summer period. (b) sCstr as estimated from CTRL for the summer period. (c) The sCstr as estimated from
NOCRT for the summer period. (d) the sCstr as estimated from SMTH for the summer period (note the different color scale). Similar results are found when
considering all the seasons.

be overestimated (i.e., more negative) by ≈10% because of the use of UENWr instead of Ur (not shown). Dif-
ference between Ua and UENW can be large for atmospheric stratifications that deviate greatly from neutral
conditions (Song et al., 2009). This is consistent with Song et al. (2009) and Perlin et al. (2014) that show
that the wind curl response to the TFB can be overestimated by ≈10% when using the ENW instead of the
10-m wind.

The limitations of scatterometry to capture the “bottom-up” effect of the CFB is further confirmed by com-
puting the correlation between the surface stress curl and the low-level wind curl at mesoscale. Consistent
with equation 1, Figure 3a shows that, at the mesoscale, scatterometer-like UENWr curl is positively corre-
lated everywhere to the surface stress curl (similar results are found using QuikSCAT). This is logical as the
wind is determined from the surface stress. On the other hand, Figure 3b shows much weaker values for the
correlation between Ua and the stress curl, with even null or negative values over the western and eastern
boundary currents areas. The positive correlations indicate regions where the mesoscale stress and wind curl
are mainly driven by the atmospheric internal variability or by the TFB while these negative correlations
highlight regions where, at the mesoscale, the currents force the lower atmosphere and dominate the TFB
and the atmospheric internal variability. To confirm it, Figure 3c shows the same correlations but using the
SMTH simulation (in which the SST mesoscale signal is not sent to the atmosphere). In regions character-
ized by a weak mesoscale activity, the atmosphere rather than the TFB determines the sign of the mesoscale
wind and stress curl. Regions characterized by a large mesoscale activity (as WBCs or eastern boundary cur-
rents) have correlations between stress curl and wind curl even more negative as the TFB is removed. Those
features cannot be monitored by scatterometers. Therefore, this confirms that when using scatterometers,
the stress seems more appropriate to assess the atmospheric response to the air-sea interactions.

4. Disentangling the TFB
4.1. Effects on the Mesoscale Stress and Wind Curl
The coupling coefficient between the surface stress curl and the cross-stress SST gradient (sCstr, Chelton et al.,
2004) is estimated from the observations and CTRL for the summer period of each hemisphere (Figures 4a
and 4b, as in Chelton et al. (2007);Wang and Castelao (2016), see Methods). Consistent with, for example,
Chelton et al. (2007) and Wang and Castelao (2016), in the observations, sCstr has overall values varying
from 0 to 0.03 N·m−2·◦C−1 and is larger where the wind is more intense (O'Neill et al., 2012). Offshore, in
regions of weak EKE, sCstr is close to zero or not significant. In regions of intense atmospheric convection
(e.g., Intertropical Convergence Zones), the atmospheric mesoscale is characterized by vortices generated by
the synoptic convergent circulation and wind gusts, which force the ocean even at the mesoscale, resulting
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Figure 5. The current feedback can cause surface stress mesoscale features that are correlated with the cross-wind SST,
contaminating the coupling coefficient sCstr. (a) Probability density function (PDF) of the ratio between sCstr as
estimated from NOCRT and sCstr as estimated from CTRL. Low-level and high-level EKE regions are considered. Only
positive values of sstr are considered, as negative values do not stand for a TFB effect. The 2◦S to 2◦N band that is
masked as the summer of each hemisphere is considered. (b) Same as (a) but between SMTH and CTRL. Similar
results are found for sCu and when considering all the seasons.

in negative sCstr. The spatial distribution of sCstr estimated from CTRL (Figure 4b) is in agreement with the
observations, but its intensity is underestimated. While there is no doubt that some of these are due to model
biases such as the ABL or the coastal wind representations (Perlin et al., 2014; Renault, Deutsch, et al., 2016),
the estimation of sCstr also suffers from uncertainties due to the effective resolution and the sampling of the
observations (Renault, McWilliams, Masson, et al., 2017). For instance, despite a larger sCstr, the correlations
between stress curl and cross-stress SST gradient are weaker in the observations than in the simulations.

Scatterometers integrate not only the TFB effect on the stress but also the CFB effect. Thus, sCstr may not
properly distinguish the TFB effect on the stress (and wind) from that due to the CFB. the sCstr is estimated
from NOCRT, that is, the coupled simulation that ignores the CFB (Figure 4c). Surprisingly, from CTRL
to NOCRT, the positive values of sCstr diminish by ≈30% (Figure 5a), likely indicating that the CFB has a
nonnegligible influence on sCstr. This is especially the case in regions where the mesoscale currents are the
strongest. The sCstr represents the stress curl mesoscale anomalies over SST cross-shore gradients and is
thus largely influenced by the surface isotherms (Chelton et al., 2001). Geostrophic currents tend to follow
isotherms, therefore, as pointed out by Chelton et al. (2001), their impact on the stress curl contaminates
the correlation and the coupling coefficient between surface stress curl and crosswind SST gradient. The
contamination of sCstr by the CFB is furthermore confirmed by estimating sCstr from SMTH (Figure 4d).
In such a simulation, the absence of mesoscale TFB should be reflected by weak values of sCstr. However,
sCstr has large values, in particular, over the WBCs and the Indian Ocean, reflecting the influence of the
currents on sCstr. The sCstr in SMTH represents on average ≈35% of sCstr in CTRL and can be even larger
over the most eddying regions such as the WBCs (Figure 5b). However, as explained in section 2, some of
the mesoscale stress signal presents in SMTH could still be due to residual SST signal. To estimate which
part of sCstr in SMTH is effectively due to the CFB, sCstr is estimated from SMTH_NOCRT (not shown). The
sCstr in SMTH_NOCRT is weaker than sCstr estimated from SMTH; however, the residual of SST signal can
account up to 25–30% of the sCstr estimated from SMTH. This means the CFB effect represents on average
≈25% of sCstr as estimated from CTRL. Overall, this confirms that the coupling coefficient sCstr cannot fully
disentangle the TFB effect and the CFB effect on the surface stress. Finally, in all the simulations, the regions
with negative values of sCstr remain roughly the same, confirming that the atmosphere forced the ocean even
at the mesoscale in those regions.

Similar results are found for Ua (by estimating sCu, not shown). However, using UENWr in CTRL rather than
Ua (i.e., mimicking scatterometer winds), sCu can be increased by up to 25% (not shown). This overestimation
is due to the use of the relative wind: geostrophic currents tend to follow isotherms and can thus contaminate
the wind curl response to the TFB (Chelton et al., 2001). Moreover, large differences between ENW and
10-m wind occur when atmospheric stratifications deviate greatly from neutral conditions (Song et al., 2009).
The overestimation is larger than the previous estimate by Song et al. (2009) and Perlin et al. (2014) that
reports for the Agulhas Return Current an overestimation of sCu by 10–15%. To sum up, coupling coefficients
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Figure 6. The coupling coefficient between the mesoscale surface stress and sea surface temperature anomalies (sstr)
properly isolates the thermal feedback from the current feedback. Similar results are found for su. (a) The sstr as
estimated from the observations. (b) The sstr as estimated from CTRL. (c) The sstr as estimated from NOCRT.

based on scatterometer observations of stress or wind curl should be used with caution when evaluating the
impact of the TFB on the wind and surface stress. Finally, because the mesoscale currents are very nearly
geostrophic and thus nondivergent, the CFB has little influence on the coupling coefficients sDu and sDstr.
As shown by Chelton et al. (2001) and numerous other studies, sDu and sDstr are systematically larger (by
30% to 50%) than sCu and sCstr, which is also the case in our simulations (not shown). According to O'Neill
et al. (2010), wind speed gradients contribute roughly equally to the divergence and vorticity responses to the
SST. However, SST-induced crosswind and downwind gradients in wind direction enhance the divergence
response to downwind SST gradients while simultaneously weakening the vorticity response to crosswind
SST gradients. Chelton et al. (2001) also suggest that the effects of CFB could confuse the inference of surface
currents versus SST effects on the curl of the wind or surface stress, which is true as demonstrated in this
study. However, the inference of the CFB does not explain why sDstr is stronger than sCstr as the CFB increases
sCstr and does not alter significantly sDstr. Therefore, the CFB can not explain why sDstr is stronger than sCstr.
Finally, Schneider and Qiu (2015) suggest that these coupling coefficients could be driven by distinct physics.
Stress and wind divergences result from either large-scale winds crossing the front or from a thermally direct
cross-frontal circulation. The stress and wind curl responses to the TFB are expected to be larger when winds
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Figure 7. Probability density function of the ratio between sstr as estimated
from NOCRT and sstr as estimated from CTRL. Low-level and High-level
EKE regions are considered. Only positive values of sCstr are considered as
negative values do not stand for a TFB effect. Confirming Figure 6, the
current feedback does not influence the coupling coefficients based on
stress or wind magnitude.

are parallel to SST fronts; however, they are weakened by geostrophic
spindown, yielding to weaker coupling coefficients.

4.2. Mesoscale Wind and Surface Stress Magnitude
O'Neill et al. (2012) demonstrate that the mesoscale stress magnitude
perturbations are characterized by a roughly linear dependence on
the mesoscale SST perturbations and, to better characterize the stress
magnitude response, define the surface stress coupling coefficient sstr
(Figure 6a). Here, sstr is evaluated from the observations and CTRL (as
in ; O'Neill et al., 2017, removing the influence of the storms, see section
2). The sstr generally varies from 0 to 0.03 N·m−2·◦C−1 and has larger
values at the midlatitudes, in the eastern boundary currents and near
some WBCs. Consistent with the previous results, sstr has negative values
over regions of important atmospheric convection. CTRL fairly repre-
sents the sstr spatial distribution (Figure 6b) although it underestimates
its strength in particular over the Antarctic Circumpolar Current likely
because of the choice of ABL parameterization in our model simula-
tions. ABL parameterizations behavior can strongly vary from a region
to another. A dedicated sensitivity study should be considered for such
a region. In NOCRT, sstr has a very alike spatial distribution and inten-
sity, suggesting that the CFB does not have a significant influence on
mesoscale surface stress and thus on sstr (Figure 6c). This is furthermore

corroborated by the probability density function of the ratio between sstr as estimated from NOCRT and
CTRL (Figure 7), that shows difference between both experiments of ≈6%. In SMTH, sstr is very weak, con-
firming the CFB does not influence its intensity. Although geostrophic currents tend to follow isotherms,
the CFB does not have a systematic statistic effect on the stress magnitude as a current anomaly can induce
a positive or a negative stress (wind) anomaly depending on the wind direction relative to the current direc-
tion. This is further confirmed by the comparison between SMTH and SMTH_NOCRT. The ratio between
sstr as estimated from SMTH and SMTH_NOCRT is close to 1 shown). This indicates that the remaining sstr
signal in SMTH is not induced by the CFB but rather by residual SST signal. Similar results are found when
using Ua instead of the surface stress to estimate su. However, the use of UENWr instead of Ua can overestimate
the TFB effect on the wind by ≈25% (not shown) because Ua and UENWr can differ when the atmospheric
stratification deviates greatly from neutral conditions. This is consistent with O'Neill (2012) that report an
overestimation by 10–30% based on in situ data buoys observations.

5. Discussion
Both CFB and TFB exert an influence on the wind and surface stress. While the CFB has a “bottom-up” effect
from the surface current to the surface stress and the wind, the TFB has a “top-down” effect from the ABL
and the 10-m wind to the surface stress. The CFB mainly affects the stress and wind curl, whereas the TFB
can have an influence on their curl, divergence, and magnitude. In the last decade, coupling coefficients have
been defined to evaluate the importance of the mesoscale air-sea interactions on the wind and surface stress.
We show that coupling coefficients based on curl of current and stress (s𝜏 ) or wind (sw) efficiently allow to
disentangle and characterize the influence of the mesoscale CFB on surface stress curl and 10-m wind curl.
The mesoscale TFB influence on stress (wind) curl is often characterized by estimating coefficients between
stress (wind) curl and cross-stress (cross-wind) SST gradient (e.g., Chelton et al., 2001, 2007; O'Neill et al.,
2003, 2005). However, at the mesoscale, these TFB coupling coefficients cannot properly unravel the TFB
and CFB effects. Coefficients based on divergence or mesoscale anomalies of SST and stress (or wind) allow
disentangling the TFB effects from those due to the CFB. Scatterometer winds have been very useful to
demonstrate the ubiquity of both TFB and CFB effects on surface stress and wind. However, consistent with
Chelton et al. (2001) and Plagge et al. (2012), we show that because scatterometer winds represent the ENW
relative to the oceanic motions, they allow to characterize the relative ENW response to the CFB and TFB
and not the absolute wind response. Despite limitations in the estimation of wind and then surface stress
by scatterometers (Quilfen et al., 2001), as scatterometers are fundamentally stress-measuring instruments,
coupling coefficients based on stress appear to be more appropriate to characterize both TFB and CFB effects
from scatterometers data.
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The approach presented in this study is mainly based on numerical models and thus suffers from limitations
that can largely affect the surface stress and wind responses to the air-sea interactions. As shown by Perlin
et al. (2014) and Oerder et al. (2016), of a particular concern is the choice of the ABL mixing parameteri-
zation. For the Agulhas Return Current and the Peruvian Upwelling System, the TFB coupling coefficients
in numerical models present a sensitivity to such a parameterization. In the present study, we use the YSU
parameterization that has been shown to underestimate the strength of the TFB coupling coefficient in the
Agulhas return current region (Perlin et al., 2014). The coupling coefficient between surface current vortic-
ity and wind curl depends on the ABL height (Renault, McWilliams, Penven, et al., 2017). Therefore, the
CFB effects on surface stress and wind may also be sensitive to the choice of the atmospheric boundary layer
mixing parameterization. Futures studies similar to Perlin et al. (2014) are needed for characterizing such
a sensitivity. Furthermore the results presented in this study are not necessarily valid at the submesoscale,
as the ocean models used in this study are mesoscale resolving but do not permit the generation of subme-
soscale features. At the submesoscale, for the California upwelling system, Renault et al. (2018) show that
s𝜏 can be contaminated by the TFB but they do not examine the other coupling coefficients. Similar stud-
ies for other regions should be carried out to assess whether the different coupling coefficients can properly
isolate the TFB from the CFB at the submesoscale. Finally, in this study, a 1/4◦ atmospheric model has been
coupled to a 1/12◦ oceanic model. This raises the question on the atmospheric spatial resolution needed to
couple or to force an ocean model. Is an equivalent atmospheric and oceanic spatial resolution deemed to
be required to represent the air-sea coupling coefficients? We intend to investigate this soon.

Our results have large implications for the understanding of the mesoscale air-sea interactions, and their
effects on the ocean. Although the coupled model used is this study only covers the midlatitude ocean (45◦S
to 45◦N), the findings presented in this study should be valid for high-latitude regions. The mesoscale stress
anomalies induced by both TFB and CFB cause additional Ekman pumping that can (for the CFB) induce
a sink of energy from the ocean to the atmosphere and a large dampening of the mesoscale activity (e.g.,
Duhaut & Straub, 2006; Gaube et al., 2015; Seo et al., 2015; Renault, Molemaker, Mcwilliams, et al., 2016;
Oerder et al., 2018). For both TFB and CFB, it may impact the biogeochemical production by altering the
concentration of nutrients or iron in the euphotic zone. Understanding and characterizing those feedbacks
is therefore crucial to represent the mean and mesoscale ocean circulation but also the ocean production,
ventilation, and carbon uptake. Finally, those results also raise the question on how to force an ocean model.
Consistent with Duhaut and Straub (2006) and Chelton et al. (2007), we show that using scatterometers
as a forcing can be a source of various biases mainly because they represent relative ENW wind. In addi-
tion, scatterometers surface stress already incorporates the mesoscale anomalies induced by the real eddies
that are not coherent with simulated eddies by an ocean model without data assimilation. Simple parame-
terizations based on coupling coefficients could be used to mimic the air-sea interactions. However, to do
so, the coupling coefficients should allow disentangling the TFB and CFB effects on the wind (or stress).
Future satellite missions (such as SKIM (Ardhuin et al., 2017) and WaCM (Bourassa et al., 2016; Rodríguez
et al., 2018) would likely allow measuring the surface stress and the surface currents in a consistent way and
thus would help to better understand and characterize the ENW and surface stress responses to both TFB
and CFB.
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