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ABSTRACT: Ocean mesoscale thermal feedback (TFB) is the influence of mesoscale sea surface temperature (SST)
anomalies on the overlying atmosphere and its feedback to the ocean. Over the past few decades, TFB has been shown to
affect the atmosphere by inducing low-level wind and surface stress anomalies and modulating ocean-atmosphere heat
fluxes ubiquitously over the global oceans. These anomalies can alter the climate variability. However, it is not clear yet
to what extent heat and momentum flux anomalies modulate the mesoscale ocean activity. Here, using coupled ocean—
atmosphere mesoscale simulations over a realistic subtropical channel centered on the equator in which the TFB can be
turned off by spatially smoothing the SST as seen by the atmosphere, we show that TFB can damp the mesoscale activity,
with a more pronounced effect near the surface. This damping appears to be sensitive to the cutoff filter used: on average,
the surface mesoscale activity is attenuated by 9% when smoothing the SST using an ~1000-km cutoff but by only 2%
when using an ~350-km cutoff. We demonstrate that the mesoscale activity damping is primarily caused by a sink of avail-
able eddy potential energy that is controlled by the induced-anomalous heat fluxes, the surface stress anomalies having a
negligible role. When TFB is neglected, the absence of sink of potential energy is partly compensated by a more negative
eddy wind work. We illustrate that TFB filtering in a coupled model must be done carefully because it can also impact the
large-scale meridional SST gradients and subsequently the mean large-scale wind stress curl and ocean dynamics.
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1. Introduction

Mesoscale eddies (i.e., scales from tens to hundreds of kilo-
meters and from tens to hundreds of days; e.g., Wunsch and
Stammer 1995; Stammer 1997; Chelton et al. 2007; McWilliams
2008) are ubiquitous in the ocean. They are generated by dy-
namical instabilities of the large-scale currents and are crucial
to understand as they lead to large heat and biogeochemical
material transport, modulate the biological production (Martin
and Richards 2001; McGillicuddy et al. 2007; Gruber et al.
2011; Renault et al. 2016a; Kessouri et al. 2020), and have an in-
fluence on the mean circulation through eddy mean flow inter-
actions (McWilliams 2008; Kang and Curchitser 2015; Renault
et al. 2019b) and on the climate (Minobe et al. 2008).

For the past few decades, the mesoscale feedback of the
ocean to the atmosphere has been studied, focusing primarily
on thermal feedback (TFB) and current feedback (CFB)
(e.g., Chelton et al. 2004, 2007; Park et al. 2006; Cornillon and
Park 2001; Duhaut and Straub 2006; Dewar and Flierl 1987;
Hughes and Wilson 2008; Eden and Dietze 2009; Desbiolles
et al. 2014; Ma et al. 2016; Oerder et al. 2016). CFB represents
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the influence of surface currents on the overlying atmosphere
and its feedback to the ocean. It directly modifies the surface
stress (Bye 1985; Kelly et al. 2001; Chelton et al. 2001) and
has a bottom-up effect on the wind: a negative current anom-
aly induces a positive stress anomaly and, thus, a negative
wind anomaly (Renault et al. 2016b, 2018, 2019¢; Renault and
Marchesiello 2022). At the mesoscale, CFB mainly affects the
stress and then the wind curl but not their divergence because
mesoscale ocean currents are very nearly geostrophic and
mainly nondivergent (O’Neill et al. 2003; Chelton et al. 2004;
Renault et al. 2016b; Oerder et al. 2018; Renault et al. 2019c).
From an oceanic perspective, on the large scale, the alteration
of surface stress reduces the mean energy input from the at-
mosphere to the ocean, slowing down the mean circulation
(Pacanowski 1987; Luo et al. 2005; Renault et al. 2016a). At
the mesoscale, surface stress curl anomalies induce additional
Ekman pumping and, overall, the so-called “eddy killing,”
that is, a momentum transfer from mesoscale eddies to the at-
mosphere. Eddy killing causes a damping of the mesoscale ac-
tivity by about 30% (Renault et al. 2016b,a, 2017b; Oerder
et al. 2018; Renault et al. 2019b; Jullien et al. 2020; Renault
et al. 2021), which leads to a reduction in the eddy-mean flow
interaction and a subsequent stabilization of western bound-
ary currents (Renault et al. 2016a, 2017b, 2019b).

TFB represents the influence of sea surface temperature
(SST) gradients and anomalies on the overlying atmosphere
and its feedback to the ocean. At the mesoscale, TFB has
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been shown to have a large influence on atmospheric vari-
ability. TFB has two main local direct effects. On the one
hand, it modifies the atmospheric boundary layer turbulence
and the wind and consequently modifies the surface stress
(see, e.g., Fig. 3 of Chelton et al. 2007). Many studies have
shown that TFB has a linear effect on the stress and on the
curl, divergence, and magnitude of the wind (Small et al.
2009; O’Neill et al. 2003; Chelton et al. 2004; Chelton and
Xie 2010; Desbiolles et al. 2016; Oerder et al. 2016; Renault
et al. 2019c). Small et al. (2008) and Seo et al. (2023) provide
a review of the different processes involved. On the other
hand, the mesoscale TFB alters turbulent heat and moisture
fluxes (Kirtman et al. 2012), energizing and anchoring the
major storm tracks (Foussard et al. 2019; Czaja et al. 2019),
affecting atmospheric properties up to the troposphere
(Minobe et al. 2008), and modulating precipitation in the
tropics (Kirtman et al. 2012) and over the southern Africa
(Desbiolles et al. 2018). From an oceanic perspective, the
TFB induced stress anomalies do not generate significant
energy transfer from mesoscale eddies to the atmosphere
because they are not spatially coherent with surface currents
(Renault et al. 2019¢). TFB curl stress anomalies also give
rise to additional linear and nonlinear Ekman pumping in
the ocean, which may have an influence on the baroclinic
energy conversion and, hence, the mesoscale activity.
Heat flux anomalies can also affect the eddy available po-
tential energy (EAPE) (von Storch et al. 2012; Ma et al.
2016; Bishop et al. 2020), also altering baroclinic energy
conversion and, thus, the mesoscale activity. Seo et al.
(2016), for the California Current system, suggest that the
mesoscale TFB primarily affects eddy propagation with-
out affecting eddy amplitude. In contrast, Ma et al. (2016)
suggest that the mesoscale TFB, through the associated
heat flux anomalies, damps the mesoscale activity, altering
the characteristics of the Kuroshio western boundary cur-
rent. This apparent contradiction may be related to the
definition of the mesoscale activity. Whereas Seo et al.
(2016) spatially smooth out the SSTs sent to the atmo-
sphere using a spatial filter with a cutoff of ~300 km, Ma
et al. (2016) use a cutoff of ~1000 km. To our knowledge,
to date, there is no clear answer on the extent to which
TFB can affect oceanic mesoscale activity.

To resolve this puzzling contradiction, in this study, a set of
several realistic eddy-rich ocean (dx = 1/12°) and atmosphere
(dx = 1/4°) coupled simulations are performed over a realistic
subtropical channel centered on the equator (45°S-45°N)
(Samson et al. 2017; Renault et al. 2019c, 2020; Jullien et al.
2020) for a 5-yr period. The simulations include or do not in-
clude the mesoscale TFB and the CFB (see section 2).
Based on these simulations, the objectives of this study are
to assess the extent to which mesoscale TFB modulates me-
soscale activity and to determine the primary mechanisms
involved. The paper is organized as follows: the models and
method are described in section 2. In section 3, the effect of
TFB on mesoscale activity is evaluated. Section 4 addresses
the main mechanisms involved, while section 5 focuses on
the large-scale response. The results are discussed and sum-
marized in section 6.
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2. Model and methods
a. Coupled ocean—atmosphere model

The numerical models and configurations are the same as
those employed in Samson et al. (2017) and Renault et al.
(2019c). The following model descriptions are derived from
these studies with minor modifications. We also refer the reader
to Renault et al. (2019¢c) for a detailed description. The ocean
simulations are performed with the Nucleus for European
Modeling of the Ocean (NEMO) v3.4 (Madec and NEMO
Team 2015). The atmospheric component is Weather Research
and Forecasting (WRF) Model, version 3.3.1 (Skamarock et al.
2008). NEMO and WREF are coupled through the OASIS3-
MCTV3 coupler (Craig et al. 2017).

The geographic domain is a realistic subtropical channel
centered on the equator and extending from 45°S to 45°N,
with the oceanic grid (at 1/12°) being a perfect subdivision by
3 of the atmospheric grid (at 1/4°). The vertical ocean grid has
75 levels, with 25 levels above 100 m and a resolution of 1 m
at the surface. 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.
Around 33 levels are located below 500 hPa with the first eta
base level at ~10 m.

The model configuration was set up with the following
parameterizations: the longwave Rapid Radiative Transfer
Model (RRTM; Mlawer et al. 1997), the Goddard shortwave
(SW) radiation scheme (Chou and Suarez 1999), the WSM6
microphysics scheme (Hong and Lim 2006), the Betts—Miller—
Janji¢ (BMJ) convection scheme (Betts and Miller 1986; Janji¢
1994), the Yonsei University (YSU) planetary boundary layer
scheme (Hong et al. 2006), and the unified Noah land surface
model (LSM) with the surface layer scheme from MMS5 (Chen
and 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 integration of the
surface current in YSU is available in WRF following Renault
et al. (2019a).

The ocean physics used in NEMO corresponds to the
upstream-biased scheme (UBS; Shchepetkin and McWilliams
2009) advection for the tracers and the dynamics with no ex-
plicit diffusivity and viscosity. The vertical eddy viscosity and
diffusivity coefficients are computed from a TKE turbulence
closure model (Blanke and Delecluse 1993). The oceanic
open boundary conditions are prescribed with an interannual
global 14> DRAKKAR simulation (Brodeau et al. 2010). We
spun up the oceanic mesoscale circulation, at limited coast, by
running a S5-yr forced ocean simulation initialized from 1/4°
DRAKKAR simulations.

b. Spatial filtering

Following, for example, Putrasahan et al. (2013), Seo et al.
(2016), and Renault et al. (2019¢c), in some of our sensitivity
experiments, we use a spatial Gaussian filter to isolate meso-
scale anomalies from the large-scale signal. To limit the com-
putational cost, the SST of the 1/12° ocean model is first
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TABLE 1. Gaussian filter characteristics.
Smoothing window size Cutoff wave number (km ')
o used
at 1,° Grid points km at 0° km at 45° —3dB at 0° —3 dB at 45° —10 dB at 0° —10 dB at 45°
3 18 500 350 1/630 1/442 1/345 1/244
4 25 675 475 1/840 1/590 1/460 1/325
8 49 1340 950 1/1675 1/1185 1/920 1/650
12 73 2005 1420 1/2515 1/1780 1/1380 1/975

interpolated onto the 1/4° atmospheric grid using a simple av-
erage over the 3 X 3 ocean cells directly located below each
atmospheric cell. The spatial Gaussian filter is then applied to
the 1/4° SST. In practice, the addresses and weights used in
these two steps are merged into a single set that is provided to
the coupler to perform the exchange of the SST from the
ocean to the atmosphere. The ocean grid points over land are
excluded from the calculation, and the interpolation weights
are therefore renormalized with the remaining points.

The Gaussian weights of the points located at a distance
greater than 3o are considered as zero. The Gaussian filter is
thus applied only on a window (60 + 1) X (60 + 1). Follow-
ing the mathematical properties of the Gaussian filter, we can
define an analytical expression of the cutoff spatial frequency
(wavenumber): v, = 4/In(c)/(2mod,) where 1/c is the cutoff
value (the Gaussian filter response is divided by c in the
power response), d, is the spatial resolution (km), and v, is
the cutoff wavenumber (km™1).

Table 1 summarizes the characteristics of the different
Gaussian filters we used (o = 3, 4, 8, or 12), for two different
cutoff values (0.5 or —3 dB and 0.1 or —10 dB), at the equator
or at 45°. Note that there is a small error in the Renault et al.
(2020) (their cutoff wavenumbers must be divided by V2),
which explains the differences we have in the cutoff wave-
number values for the same Gaussian filter (o = 4).

As discussed in section 5, the equatorial region suffers from
spurious large-scale effect of the filtering procedure. For this
reason, in the following, the equatorial region (4°S—4°N) is ex-
cluded from our analysis.

¢. Mean and anomalies

Previous studies based on the same configuration (Jullien
et al. 2020; Renault et al. 2020) use a spatial filter to extract
mesoscale features. Although a spatial filter can isolate the
mesoscale signal better than a temporal filter, it does not have
the same properties as a temporal filter. In particular, in a
Reynolds decomposition based on a temporal filter, the cross
terms are equal to O or negligible. This is not the case when
using a spatial filter: the cross terms do not disappear. They
can be neglected for the wind work (Jullien et al. 2020) but
are not necessarily negligible when estimating the baroclinic
and barotropic conversion terms. In this study, as detailed be-
low, changes in mesoscale activity are not driven by wind
work but rather by a modulation of the conversion terms. For
this reason, to have a correct Reynolds decomposition that is
needed to estimate these terms, all quantities are decomposed
into the seasonal time average defined as the average over
each season (January—-March, April-June, July-September,

and October-December) estimated over the simulated 5-yr
period and indicated by an overbar. The deviations from this
average are denoted by primes.

d. Eddy kinetic energy

The surface and depth-integrated eddy Kkinetic energy
(EKE; m? s™2) is used as a proxy of the intensity of the meso-
scale activity. It is computed from the total current anomalies
(u, v) estimated as

EKE = 0.5(w? + v?). )

e. Coupled simulations

Six main 5-yr coupled simulations are performed over the
period 1989-93, differing only in the degree of coupling (see
also Table 1 for a summary of the window size of the filter in
kilometers):

1) In CTRL, NEMO gives WRF hourly averages of SST and
surface currents, while the atmospheric model returns
hourly averages of freshwater, heat, and momentum
(wind stress) fluxes to NEMO. Surface stress is estimated
using wind relative to the oceanic current Uyl

The SMTHO03 experiment is identical to the CTRL experi-
ment, except that the SST sent to the atmospheric model
is smoothed using the spatial Gaussian filter described
above with o = 3.

The SMTHO04 experiment is identical to the CTRL experi-
ment, except that the SST sent to the atmospheric model
is smoothed using the spatial Gaussian filter described
above with ¢ = 4. This experiment is the same as SMTH
in Renault et al. (2019c) or Ccgp_smTu in Renault et al.
(2020).

SMTHOS is identical to SMTHO04 except that the SST sent
to the atmospheric model is smoothed using a Gaussian
spatial filter with o = 8.

In SMTHI12, the SST sent to the atmospheric model is
smoothed using a Gaussian spatial filter with o = 12.

In NOCFB, the ocean model sends only the SST back to
the WRF (without any Gaussian filter). WRF computes
the surface stress as a function of the absolute wind at
10 m. NOCFB is used in Renault et al. (2019c), Jullien
et al. (2020), and Renault et al. (2020).

2)

3)

4)

5)

6)

As stated in the introduction, TFB has two main direct effects
on the low-level atmosphere. On the one hand, as illustrated
in Figs. 1a and 1b by the coupling coefficient scg, (linear re-
gression coefficient between surface stress curl and cross-
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FIG. 1. Direct atmospheric response to the oceanic mesoscale TFB: The wind response is illus-
trated by the coupling coefficient (scg) between the surface stress curl and the cross-stress SST
gradient during summer in each hemisphere from (a) CTRL and (b) SMTHO04. The turbulent
heat fluxes response is illustrated by the coupling coefficient (styr) between mesoscale SST and
surface turbulent heat flux (THF) anomalies from (c) CTRL and (d) SMTHO04. Also shown is
(e) the percentage of mesoscale surface turbulent heat fluxes induced by the TFB wind anoma-

lies with respect to the total mesoscale surface THF. See the text for more details.
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stress SST gradient; Chelton et al. 2007) for the summer pe-
riod of each hemisphere from CTRL, it alters the low-level
wind and in particular its curl. The atmospheric synoptic vari-
ability is first removed using a 29-day running window and
anomalies are finally computed using the spatial Gaussian
high-pass filter described above with a o = 4. The sy, can be
interpreted as a measure of the surface stress curl response to
CFB: the more positive the scq, is, the larger the responses of
surface stress curl and, thus, TFB-induced Ekman pumping in
the ocean will be. Consistent with Chelton et al. (2007) and
Renault et al. (2019c), scs, is generally characterized by val-
ues varying from 0 to 0.01 N m~2? °C~'. When the EKE is
weak, Scq 1S close to zero, while in regions of intense atmo-
spheric convection (e.g., intertropical convergence zones), at-
mospheric vortices force the ocean even at the mesoscale,
giving rise to negative values of scg,. Not surprising, from
CTRL to SMTHO4, by smoothing the SST seen by the atmo-
sphere, scy, is largely reduced, except of course over convec-
tive regions where it remains negative (Fig. 1b). The
remaining positive values are in fact caused by CFB that con-
taminates this classic TFB coupling coefficient (Renault et al.
2019c). Similar results are found for the turbulent heat fluxes.
To illustrate it, the coupling coefficient between the SST and
surface turbulent heat flux (defined positive upward) meso-
scale anomalies (defined with a Gaussian filter with o = 4 and
29-day running mean) is computed as the slope sty between
their linear regression (Fig. 1c). Consistent with, e.g., Ma et al.
(2016), in CTRL, sty is positive everywhere and is character-
ized by larger values over western boundary currents and, for
example, the Caribbean Sea. In SMTHO04, consistent with the
smoothing procedure, styr becomes very weak (Fig. 1d). The
surface turbulent heat fluxes (THF) is the sum of the latent
(Qay) and sensible (Qg.,) heat fluxes estimated using a bulk
formula (Fairall et al. 2003) as

THF = Q) + O, = pLyp C (Uyy — u)(Q, ~ Q)
+pCpCy(Uyy — u)(T, — SST), @

where Lg is the latent heat of evaporation, C; is the latent
heat transfer coefficient, U is the 10-m wind, O is the spe-
cific humidity of air 2 m above the sea, Q; is the specific hu-
midity of air at the sea surface, Cp is the specific heat capacity
of air, Cy is the sensible heat transfer coefficient, and 75 is the
air temperature at 2 m. Mesoscale turbulent heat fluxes can
therefore originate from three sources: the alteration of ex-
change coefficients, the air—sea temperature difference per se
(and actually the specific humidity), and the wind anomalies
caused by TFB. As shown by Sroka et al. (2022), the meso-
scale anomalies for exchange coefficients are negligible. The
surface turbulent heat flux modulation by mesoscale TFB can
therefore directly originate from mesoscale air-sea tempera-
ture difference, but also indirectly from the wind anomalies
caused by TFB. The contribution of the wind anomalies to
the mesoscale TFB is estimated as follows. Based on the cou-
pling coefficient between SST anomalies and 10-m wind
anomalies [e.g., O'Neill et al. (2012); see also Renault et al.
(2019c) for a spatial map using CTRL], a 10-m wind without
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wind anomalies induced by TFB is estimated. The surface tur-
bulent heat flux is then estimated offline (and using the same
bulk formula) using the original wind and the 10-m wind with-
out wind anomalies induced by TFB. The additional surface tur-
bulent heat flux induced by the wind anomalies is then
computed as the difference between them. Figure 1le depicts its
contribution to the total mesoscale turbulent heat flux as the ra-
tio (in %) between the RMS of the mesoscale turbulent heat
flux caused by the wind anomalies and the RMS of the total me-
soscale turbulent heat flux. In general, TFB-induced wind anom-
alies cause an additional transfer of heat from mesoscale eddies
to the atmosphere, but they remain a second-order mechanism.
In some regions, such as the western boundary currents or the
equatorial region (i.e., where mesoscale activity is greatest), they
can account for up to 10% of the total mesoscale surface heat
flux.

To assess the sensitivity of the results to internal ocean vari-
ability, as in Renault et al. (2020), two additional coupled simula-
tions identical to CTRL are run on different machines and using
different optimization compiler options (CTRL2 and CTRL3).
This adds very small perturbations throughout the simulation.
This set of three “identical” coupled simulations defines a small
ensemble that is used to provide an estimate of the robustness of
the results and the role of internal model variability. Note that,
because of the small number of experiments, the internal
variability is likely underestimated. Unless indicated, the re-
sults presented in the following are larger than the internal
variability.

3. Damping of the mesoscale activity

To assess the extent to which TFB modulates the mesoscale
activity, the surface eddy kinetic energy (EKE) of the differ-
ent experiments is estimated using seasonal perturbations of
surface currents. The spatial distribution of the CTRL surface
EKE is shown in Fig. 2a. Consistent with the literature, the
largest EKE (>2000 cm® s™2) is located above the western
boundary currents, the eastern boundary currents have rela-
tively strong EKE (100 < EKE < 400 cm? s~ 2) in comparison
with their vicinity, and the center of the gyres is characterized
by a weak mesoscale activity (<50 cm? s~ 2).

Figure 2b shows the average difference in surface EKE (ex-
cluding the equatorial region) between CTRL and SMTHI12,
while Fig. 3a plots the mean, median, and 95% percentile of
surface EKE for each simulation. As in Renault et al. (2020),
the 95% percentile is chosen to represent western boundary cur-
rents. While the spatial EKE patterns of CTRL and SMTH12
(and the other smoothed simulations) are very similar (not
shown), from CTRL to SMTHI12, the surface EKE increases
particularly over the Kuroshio, Agulhas Return Current, Malvi-
nas Current, and to some extent along the eastern boundary cur-
rents (Peru-Chile, Benguela, Senegal, and Australia) except for
California, which is consistent with Seo et al. (2016). This reveals
that the mesoscale TFB (defined using a o = 12) leads to a
damping of the surface mesoscale activity, which is in agreement
with Ma et al. (2016). The mean and median surface EKE of the
domain increase by about 12% and by ~10% over western
boundary currents (where the EKE is largest). Note that these
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FIG. 2. Mean sea surface EKE and its modulation by mesoscale
TFB: (a) Sea surface EKE from CTRL, and sea surface EKE differ-
ence between CTRL and (b) SMTH12, (c) SMTHO8, (d) SMTHO04,
and (e) SMTHO3.

differences are larger than the internal variability (=2%, esti-
mated from the ensemble, not shown).

To have a sense of the sensitivity of the mesoscale activity
modulation by TFB to the spatial filter used, the surface EKE is
further estimated from the SMTHO08, SMTHO04, and SMTHO03
experiments. The average differences in surface EKE between
CTRL and these simulations are shown in Figs. 2c and 2d. By
decreasing the spatial filter cutoff, the increase of the EKE is re-
duced and becomes more subtle in general. The lower the SST
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smoothing, the smaller the EKE increase. On average, the sur-
face EKE increases by about 4%, 8%, and 12% from CTRL to
SMTHO04, SMTHO8, and SMTHI12, respectively, while from
CTRL to SMTHO3, it remains roughly the same. Similar values
are found for the median and over western boundary currents.
Ma et al. (2016) suggested a stronger damping of the mesoscale
activity at smaller scales (less than 100 km). To test this hypoth-
esis, we also estimated the EKE from the simulations using vari-
ous spatial filters instead of a temporal filter. We found that the
EKE damping by TFB is similar whatever the scales used in the
spatial filter (not shown).

Mesoscale TFB can therefore damp to some extent the sur-
face EKE directly or by means of a change in the large-scale
atmospheric circulation. The strength of the damping strongly
depends on how the mesoscale SST anomalies felt by the at-
mosphere are filtered. To better understand the extent to
which TFB affects the mesoscale activity, the mean vertical
profile of the EKE is furthermore estimated for CTRL and
the other simulations over the whole domain and over the re-
gions that represent the 95% percentile (Figs. 3b,c). Not sur-
prising, at depth, down to 500 m, while the spatial distribution
of the EKE is generally similar to that of the surface EKE, its
intensity weakens. Consistent with the previous results, the
mesoscale TFB can cause a damping of the EKE that depends
on the filter cutoff. Over all of the domain, the EKE simulated
in STMHO03 and SMTHO04 are similar than that in CTRL, how-
ever, the comparison between SMTHO8 or SMTH12 and
CTRL reveals a damping of the EKE down to 200 m: the
200-m depth-integrated EKE is increased by 2.6% and 6.1%
from CTRL to SMTHO8 and to SMTHI12, respectively. The
EKE damping by is more evident when focusing on western
boundary currents (Fig. 3c) except for when comparing
SMTHO3 to CTRL. From CTRL to SMTHO04, SMTHO0S,
and SMTH12, the depth-integrated EKE over the first
200 m is increased by 7.5%, 4.4%, and 3.2% respectively.
Beyond 200-m depth, the damping of mesoscale activity
becomes more subtle, even when comparing CTRL with
SMTH12.

To conclude this section, mesoscale TFB can damp the me-
soscale activity. However, this damping is mainly concen-
trated in the first 200 m depth and its strength appears to be
highly dependent on the smoothing scale chosen to remove
the mesoscale SST signal felt by the atmosphere. While a too
small filter cutoff may underestimate the strength of the TFB
damping (e.g., in SMTHO3), a too large cutoff (such as that of
SMTH12) may not only smooth the mesoscale signal but also
part of the large-scale meridional SST gradients, modifying
the wind and altering the mean circulation. This will be illus-
trated in section 5.

4. Mechanisms at work

In this section, a simplified Lorenz cycle is calculated to di-
agnose the processes that lead to the reduction in EKE re-
vealed in the previous section. Focus is done on four main
terms: the eddy windwork (F.K,), the barotropic energy con-
version (K,,K,), the baroclinic energy conversion (P.K,), and
the mesoscale exchange of potential energy between the
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ocean and atmosphere (GPe), which directly constrains the
P.K..

a. Eddy windwork

The eddy wind work (F,K,, m® s™°) represents the ex-
change of momentum between oceanic mesoscale currents
and the atmosphere. It is defined as

S
F,K, = P_o (7, Ugg + fr; V(’,g), 3)

where pg is the mean seawater density, U,z and V,, are the
zonal and meridional surface geostrophic currents, and 7, and
7, are the zonal and meridional surface stresses. Figure 4a
represents the spatial distribution of F,K, as estimated from
CTRL. In agreement with, e.g., Renault et al. (2017a, 2020),
in CTRL F,K, is negative almost everywhere, except along
the coasts where wind perturbations cause an offshore Ekman

surface current and an oceanic coastal jet (e.g., Renault et al.
2009) that partially flows in the same direction as the wind.
The negative values express the energy sinks induced by CFB
and the so-called eddy killing phenomenon that leads to a re-
duction in mesoscale activity of about 30%.

Comparisons of the simulations reveal that F.K, decreases
by approximately 5%, 4%, 2%, and less than 1% from CTRL
to SMTH12, SMTHO08, SMTHO04, and SMTHO03, respectively
(not shown). Accordingly, filtering out the mesoscale TFB
should therefore cause an increase of the EKE rather than a
damping. Such a modulation of F, K, is actually a symptom of
the damping of the EKE by TFB rather than a cause. Renault
et al. (2016b) define the coupling coefficient s, between the
surface current vorticity and the surface stress curl. s, can be
interpreted as the efficiency of CFB: the more negative s, is,
the more efficient the eddy killing will be. Following Renault
et al. (2017b), the sink of energy induced by CFB can approxi-
mately be defined as the product between s, and the EKE.
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Consistent with Renault et al. (2019¢c), s, remains roughly the PK =wb 5)
e e ’

same between the simulations as it is barely impacted by the
TFB surface stress curl induced anomalies (Renault et al.
2019c). Therefore, the reduction of the surface EKE by TFB
causes logically a weakening of F.K,.

b. Barotropic and baroclinic conversion

Expression K,,K, represents the barotropic conversion
from mean kinetic energy to EKE and is estimated as

—_du ouw  —_du
K K =—(uvuw —+uv —+uw —
moe ax dy az
——0v  ——0dv v

VT TVt W “
ox dy az)

where w is the vertical velocity and x, y, and z are the zonal,
meridional, and vertical coordinates, respectively. The inte-
gral of K,,K, over the water column is then estimated as
KmKeim = JszKe'

Expression P.K, represents the baroclinic conversion from
eddy available potential energy to EKE and is estimated as

with b is the buoyancy and w is the vertical velocity. The inte-
gral of P,K, over the water column is then estimated as
PK,= |, P.K; KnKe and P.K, are estimated using the
5-day average 3D outputs from the simulations over the
whole water column.

The spatial distributions of K,,K., and P.K,, from
CTRL are shown in Figs. 4b and 4c, and Figs. 5 and 6 repre-
sent the boxplots of K,, K., and P.K,;, using the different
simulations as well as the vertical profile of K,,K.i,  and
P.K, iy averaged over the whole domain and over the re-
gions that correspond to the 95% percentile. In agreement
with the literature, K,, K,y is larger along western bound-
ary currents and their extensions. P.K,, is generally posi-
tive and, as expected, is larger over the most eddying
regions such as western and eastern boundary currents.
P.K.in 1s generally the main driver of EKE generation,
except along the Somali and Brazilian currents where K, K.in¢
dominates.
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Smoothing the SST seen by the atmospheric model has a
weak to very weak effect on K, K., depending on the filter
cutoff. Focusing on the surface layers or over western bound-
ary currents does not really make a large difference (Fig. 5).
For instance, differences in K,,K, averaged over the whole
domain (excluding 4°S—4°N) are not significant below 40-m
depth and are otherwise weak. Over western boundary cur-
rents, only the differences from SMTH12 to CTRL are signifi-
cant, but they remain weak (less than 3% over the first 100 m
of depth). Therefore, the damping of SST by TFB does not
act through a reduction of the barotropic conversion of en-
ergy neither.

In agreement with Ma et al. (2016), TFB affects the baro-
clinic conversion of energy, as revealed by a modulation of
the mean and median of P.K,, in Fig. 6a. As with the EKE,
the alteration of P.K,;,, depends strongly on the filter cutoff:

the larger the spatial filter cutoff used in the simulations, the
more positive P, K., The mesoscale TFB damps the EKE by
partly preventing the generation of eddies by P.K.iyy, i.e., by
reducing the transfer of potential energy to eddy kinetic
energy.

Analysis of the vertical profile of the baroclinic conversion
over the first 500 m of depth provides a better understanding
of how mesoscale TFB can affect the EKE. Consistent with
the EKE damping, the effect of TFB on P.K, is more pro-
nounced near the surface, both when averaging over the
whole domain and over western boundary currents. Baro-
clinic conversion of energy gradually increases everywhere
from CTRL to SMTHO03, SMTHO04, SMTHO8, and SMTH12,
although the increases from CTRL to SMTHO03 and SMTHO04
are more subtle, but they remain significant because they are
larger than the difference between CTRL, CTRL2, and
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CTRL3. Over western boundary currents, that is, where the
signal is the strongest, from CTRL to SMTH12 P K, differ-
ence can reach up to 50% at 40-m depth but only up to 16%
from CTRL to SMTHO3, which is again significant with
respect to the differences between CTRL, CTRL2, and
CTRL3. Again, beyond 200-m depth, differences are not
significant.

c¢. Sink of potential energy induced by TFB

Difference in baroclinic conversion can be explained by a
modulation of both w’ and »’. On the one hand, both TFB and
CFB induce surface stress curl anomalies 74, = g + Tepp
(e.g., Fig. 1 for TFB) that cause an additional Ekman pumping
WOA ckman (Chelton et al. 2007; Renault et al. 2016b). For the
sake of simplicity and to estimate an upper bound of the im-
portance of Ekman pumping induced by TFB and CFB in ex-
plaining the EKE damping, a constant Ekman pumping is
considered over the first 50 m of depth. This assumption is
very simplistic and has many caveats because it considers a
constant depth of the Ekman layer, a constant viscosity, and
does not take into account the variation of Ekman pumping
along the water column by considering vertical Ekman veloci-
ties equal to the maximum value suggested by Ekman (1905):

V X Tou- 6)

=

’
WOA_ckman

The upper bound of baroclinic instability induced by the
Ekman pumping can furthermore be estimated as

PeKe_OA_ekman = Lzsom . (7)

In CTRL, P.K. 0a_ckman appears as a second-order mecha-
nism in the generation of EKE by baroclinic instabilities, rep-
resenting less than 4% of the total P.K, (Fig. 6d). Note that
this value is likely to be overestimated for the caveats men-
tioned above. Because this estimate contains both TFB and
CFB contributions, to unravel them P.K, oA ekman 18 further-
more estimated from NOCFB, that is, a simulation that ne-
glects CFB and, thus, the CFB-induced Ekman pumping. By
contrast, in NOCRT, the boxplot of P.K, oA ckman IS cen-
tered around zero, with random positive and negative values
around it (Fig. 6d). This reveals that the TFB-induced surface
stress and the subsequent induced Ekman pumping are not
spatially coherent with the buoyancy anomalies. It does not
cause a significant additional baroclinic conversion of energy.
This is somehow consistent with Gaube et al. (2015) and
Oerder et al. (2018) that show that the Ekman pumping (lin-
ear and nonlinear) induced by TFB has a dipole pattern,
which nullifies its impact once averaged over the eddy.

On the other hand, mesoscale TFB can affect buoyancy by
extracting freshwater and cooling to relatively light water
masses and by adding freshwater and heating to relatively
heavy water masses, which control the increase of baroclinic
conversion in the first 200 m. Following von Storch et al.
(2012) and Bishop et al. (2020), the sink of available potential
energy by mesoscale TFB is estimated as the rate of available
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potential energy generation by the transient SST and net air—
sea heat and freshwater flux:

GPe - —1(j iy - gPigaas) @
p\Js n, ~ n, )
where o, ; and B, are values of expansion coefficients in the
uppermost model layer, J; = H/(pC) and G; = S1(E — P) are
respectively the temperature and salinity fluxes at the sea sur-
face, C = 4000 J (kg K) " is the specific heat of seawater, H is
the total heat flux at the sea surface, S1 is the time-mean salin-
ity in the uppermost model layer, E is the evaporation rate
and P is the precipitation rate at the sea surface.

Figure 7a represents the spatial distribution of GPe from
CTRL. GPe is globally positive with large negative values
over the most eddying regions such as the western boundary
currents (<—5 mW m™?). Smoothing the SST from CTRL to
SMTHI12 removes the large negative values and leads to an
overall increase of GPe everywhere. On average, from CTRL
to SMTH12, GPe increases from 0.04 to 0.16 mW m 2. How-
ever, consistent with the previous results, the modulation of
GPe is sensitive to the filter cutoff used in the simulations.
From CTRL to SMTHO03, SMTHO04, and SMTHO08, GPe in-
creases by 0.05, 0.1, and 0.14 mW mfz, respectively, and most
of the negative values over western boundary currents are re-
moved in SMTHO3, except that of the Agulhas Current, likely
because it is characterized by larger eddies. Note that Bishop
et al. (2020) show the presence of sink of potential energy
from the ocean to the atmosphere (i.e., a negative GPe) every-
where over the World Ocean. Such a result can be retrieved
by using a 91-day window (or a spatial filter, not shown) that
better separates the transient SST from the seasonal signal,
leading to a negative GPe in CTRL almost everywhere. How-
ever, the differences between the simulations are similar,
pointing to a removal of potential energy from the ocean to
the atmosphere induced by mesoscale TFB.

To sum up, in agreement with Ma et al. (2016), the turbu-
lent heat fluxes induced by TFB cause a sink of potential en-
ergy through GPe, which is responsible for a damping of
buoyancy anomalies, for associated reduction of P.K, and,
hence, for the EKE damping. However, the sink of potential
energy, and the subsequent reduction of P.K, and EKE de-
pend strongly on the cutoff of the filter used.

5. On the large-scale effect of the filter cutoff

Ma et al. (2016) show a large impact of mesoscale TFB on the
Kuroshio characteristics using a global model (and a 1000-km fil-
ter cutoff) but a reduced impact using a regional model (see
their Figs. 2g,h). To assess the extent to which mesoscale TFB
affects the mean ocean circulation, the mean depth-integrated
kinetic energy is estimated from the simulations. In our simula-
tions, the impact of the TFB on the western boundary currents
is not clear. Large differences between CTRL and the smoothed
experiments are visible over these regions (Figs. 8b—e) but their
amplitude is comparable to the difference between CTRL and
CTRL2 (Fig. 8a), suggesting that the signal is mostly related to
the internal variability and can hardly be explained by the TFB.
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FIG. 7. Sink of eddy available potential energy induced by mesoscale TFB. Smoothing out
the SST seen by the atmosphere removes the sink of potential energy caused by eddies.
Again, there is a strong dependence on the filter cutoff used.
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However, comparison between CTRL and SMTH12 (Fig. 8)
reveals that the smoothing of the SST seen by the atmosphere
largely affects the mean equatorial circulation, with difference
much larger than the internal variability (Fig. 8a). The entire
meridional structure of the surface currents is impacted and,
as a result, the mean zonal current is modulated by about
0.2m s~ ! (not shown).

It could be argued that the large-scale impact is a rectified
or indirect effect of the mesoscale response to TFB. However,
on the one hand, as shown in section 3, the EKE is only
slightly sensitive to TFB. On the other hand, the smoothing
procedure can cause spurious effects, especially on the surface
stress curl. Indeed, too large of a filter can smooth not only
eddies and fronts, but also large-scale SST gradients and sea
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FIG. 9. Mean stress curl difference between CTRL and the
SST-smoothed simulations.

ice cover in a global model, which in turn can influence the
mean surface stress curl. Figure 9 shows the mean stress curl
difference between CTRL and the other simulations, includ-
ing a perturbed CTRL simulation (CTRL2). Comparison of
CTRL and SMTH12 reveals that a filter with a 0 = 12 causes
a dramatic change in the mean wind stress curl that is much
larger than the internal variability. This effect is mitigated by
reducing the filter cutoff, but it remains present (and larger
than the internal variability) with, for example, a ¢ = 8
filter in SMTHO8. As shown by, e.g., Kessler et al. (2003),
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Sun et al. (2019, 2021), the representation of the equatorial
current structure in an ocean model is very sensitive to the
mean surface stress curl. Any change in the large-scale surface
stress curl can therefore affect the current structure and sub-
sequently the energy conversion by baroclinic and barotropic
instabilities. The equatorial region should be assessed using a
zonal filter that preserves the meridional gradients; however,
this is out of the scope of this study.

6. Summary and discussion

Seo et al. (2016), for the California Current, suggest that
mesoscale TFB does not alter the intensity of mesoscale activ-
ity but rather disrupts eddy propagation. In contrast, Ma et al.
(2016), focusing on the Kuroshio, argue that mesoscale TFB,
by inducing a sink of eddy available potential energy from the
ocean to the atmosphere, modulates the oceanic mesoscale
activity by more than 20%. Both studies use online spatial
smoothing to filter out the mesoscale signal from the SST as
seen by the atmosphere. However, Seo et al. (2016) considers
a 300-km low-pass filter as opposed to a 1000-km low-pass fil-
ter in Ma et al. (2016) in their global configuration. In this
study, using a realistic subtropical channel centered on the
equator (45°S—45°N) domain for ocean—-atmosphere coupled
simulation, we aim to determine the extent to which the me-
soscale TFB damps the mesoscale ocean activity as well as the
sensitivity of the results to the cutoff filter used to smooth out
the mesoscale SST signal sent to the atmospheric model. We
show that, on average, the mesoscale TFB damps the oceanic
mesoscale activity over the first 200 m of depth. The damping
is more pronounced over western boundary currents. How-
ever, such a damping depends strongly on the cutoff used to
filter the mesoscale SST sent to the atmosphere. Using a
o = 12 cutoff, the surface mesoscale activity increases by an aver-
age of 12%. The increase becomes more subtle when reducing
the filter cutoff, or even not significant with a cutoff of o = 3.

In agreement with Ma et al. (2016), we first confirm that
TFB-induced damping is primarily due to induced heat fluxes
anomalies. TFB-induced heat fluxes alter ocean buoyancy by
extracting freshwater and cooling from relatively light water
masses, and vice versa. By filtering the SST seen by the atmo-
sphere, we show that the sinks of eddy available potential en-
ergy vanish, explaining the increase of mesoscale activity.
TFB also induces surface stress curl anomalies, and thus addi-
tional Ekman pumping. However, its contribution to the bar-
oclinic instability is negligible because the induced Ekman
pumping anomalies are not coherent with anomalies of buoy-
ancy, which is consistent with (Gaube et al. 2015; Oerder et al.
2018). Last, when neglecting TFB, the absence of sink of po-
tential energy from the ocean to the atmosphere is partly
compensated by a more negative a windwork, that is, a larger
sink of momentum from the ocean to the atmosphere, which
results in a more pronounced eddy killing.

SST filtering must be done carefully, as the filtering proce-
dure can significantly modify the large-scale meridional SST
gradients, with major implications on the mean state of air—
sea coupled simulations. If this happens, the SST smoothing
will potentially create large differences in the sensitivity

JOURNAL OF PHYSICAL OCEANOGRAPHY

VOLUME 53

experiments related to the rectification of the coupled model
mean state and not to the SST mesoscale structure. We show
for example that when using a cutoff filter of o = 8§, the equa-
torial surface stress curl is largely altered, which modifies the
mean equatorial dynamics with major consequences on the
model results with no links to the SST mesoscale anomalies.
Depending on the region, a zonal filter may be applied to pre-
serve large-scale meridional SST gradients.

Are we doomed to use coupled ocean—atmosphere models
or at least an ocean—atmosphere boundary layer model (as, e.g.,
Lemarié et al. 2021), or can we use existing parameterizations
or develop new ones? Following the results of this study, TFB
damping of mesoscale activity, which occurs through a modifi-
cation of the ocean buoyancy, is likely to be taken into account
in a forced ocean model by the bulk formula. The bulk formula
allows estimating turbulent fluxes associated with SST anoma-
lies, although such damping may be slightly erroneous for two
main reasons. On the one hand, by essence, because of the
highly nonlinear (sub)mesoscale dynamics, there is a high prob-
ability that the modeled SST and the prescribed atmospheric
forcing will not be consistent. This would, depending on the
eddy imprint seen by the atmosphere, lead to an over- or un-
derestimation of turbulent fluxes. On the other hand, a bulk
formula does not reproduce the wind response to TFB that can
be responsible for up to 10% of the turbulent fluxes response
to TFB. Nonetheless, given the relatively small impact of the
TFB on the mesoscale activity, we suggest that such discrepan-
cies may be neglected. The SST damping may also be sensitive
to the bulk formulae used in the model (here Fairall et al. 2003)
as shown by, for example, Brodeau et al. (2017) and Bonino
et al. (2022). At the submesoscales, currents are characterized
with scales of 10°-10* m horizontally, 10-100 m vertically, and
from hours to days temporally. Submesoscale currents drive
vertical velocities one or two orders of magnitude larger than
those associated with mesoscale currents and are associated
with intense fronts. The effect of TFB at those scales may be
different and should therefore be assessed using a similar
method as that from this study.
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