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Abstract This study examines for the first time how submesoscale oceanic features (1-10 km) interact at a
seasonal scale with the atmosphere over the Gulf Stream (GS) region using high-resolution coupled simulations.
Focusing on thermal and current feedbacks (TFB and CFB), we show that their combined influence peaks in
summer, enhancing surface winds while partially offsetting in surface stress. This compensation reduces the
stress response, especially along the GS. Seasonal coupling variations are driven by stronger TFB in summer
and modulated by background wind conditions. Energy fluxes also exhibit strong seasonality: kinetic energy
transfer to the atmosphere intensifies in winter, while, over the GS, potential energy gains can dominate in
summer, partly influenced by CFB. These results highlight the importance of accounting for both feedbacks—
and their seasonal variability—in studies of submesoscale air-sea interactions. Future satellite missions and field
campaigns will be essential to validate and extend these results.

Plain Language Summary Ocean currents and the atmosphere are tightly coupled, especially at
small scales of a few kilometers, known as the submesoscale. At these scales, the ocean can influence the
atmosphere in two important ways: through the thermal feedback (influence of sea surface temperature, TFB)
and through the current feedback (influence of sea surface current, CFB). Using high-resolution ocean-
atmosphere simulations in the Gulf Stream region, we investigated how these feedbacks vary between winter
and summer. We found that TFB has a stronger influence on wind patterns in summer, while stronger ocean
currents lead to more energy transfer from the ocean to the atmosphere in winter. Interestingly, the two
feedbacks often act in opposite directions, partially canceling each other out for surface stress. Despite these
seasonal shifts in energy exchange, the small-scale response of the ocean remains relatively stable. At the
smallest scales, both feedbacks are particularly active. This work contributes to our understanding of how fine-
scale air-sea interactions influence the exchange of potential and kinetic energy between the ocean and the
atmosphere and the associated effects on ocean dynamics.

1. Introduction

The ocean exhibits motions over a wide range of scales, from centimeters to thousands of kilometers. Mesoscale
eddies, with horizontal scales of a few hundred kilometers, are among the most energetic flows, influencing marine
ecosystems (e.g., Mahadevan, 2016), the carbon pump (Harrison et al., 2018), and boundary current dynamics
(Chassignet & Marshall, 2008; Renaultet al., 2019). Submesoscale currents, with horizontal scales of meters to tens
of kilometers, are characterized by large Rossby numbers and intense vertical velocities (Capet, Mcwilliams,
et al., 2008; Su et al., 2020). They influence buoyancy, momentum, and biogeochemical exchange (Kessouri
etal., 2020; Lévy et al., 2009; Su et al., 2018; Wenegrat et al., 2020) and play a role in the oceanic energy cascade
(Bocecaletti et al., 2007; Capet, McWilliams, et al., 2008; Contreras et al., 2023a; Dong et al., 2024).

Ocean-atmosphere interactions at the mesoscale have been studied extensively in the past decades, revealing two
key processes: the Thermal FeedBack (TFB) and the Current FeedBack (CFB). TFB modifies turbulent heat
fluxes and affects wind speeds (see Small et al., 2008; Seo et al., 2023 for a review), while CFB directly influences
surface stress, creating an ocean-to-atmosphere bottom-up effect on winds (Renault, Molemaker, McWilliams,
et al., 2016). These interactions modulate ocean dynamics, with TFB reducing oceanic potential energy (Bishop
et al., 2020; Ma et al., 2016; Renault et al., 2023) and CFB acting as an “eddy killer”, extracting kinetic energy
from eddies to the atmosphere (Renault et al., 2018; Renault, Molemaker, Gula, et al., 2016; Renault, Molemaker,
McWilliams, et al., 2016).
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Submesoscale air-sea interactions are not fully understood (Nuijens et al., 2024). According to Conejero
et al. (2024) and Renault et al. (2024), the eddy-killing effect is more pronounced at the submesoscale than at
the mesoscale due to a weaker wind response to CFB. However, the net effect of CFB is a reduction in
submesoscale activity of less than 10%, compared to a 30% reduction at the mesoscale. As shown by Uchoa
et al. (2025) and Renault et al. (2024), submesoscale TFB creates a potential energy sink that weakens
submesoscale currents by at least 10% at scales shorter than 10 km. Recent studies by Bai et al. (2023);
Conejero et al. (2024); Renault et al. (2024) show that submesoscale TFB and CFB can either enhance or
counteract each other by influencing surface stress and wind anomalies, thereby affecting the exchange of
kinetic energy.

Building on these findings, this study goes a step further than Renault et al. (2024), Conejero et al. (2024), and
Uchoa et al. (2025) by presenting the first analysis of the seasonal cycle of submesoscale air—sea interactions in
the Gulf Stream. The analysis emphasizes the spatial variability of these interactions and the role of current
feedback (CFB) and thermal feedback (TFB) in shaping energy exchanges and the oceanic submesoscale kinetic
energy response. Section 2 describes the numerical experiments. Section 3 traces the chain of events driven by
CFB and TFB from submesoscale coupling coefficients to resulting kinetic and potential energy fluxes and,
ultimately, the submesoscale kinetic energy response. Section 4 summarizes the conclusions and discusses the
broader implications.

2. Methods

2.1. Numerical Experiments

We use the Coastal and Regional Ocean Community model (CROCO, Debreu et al., 2012) and the Weather
Research Forecast model (WRF v.4.2; Skamarock et al., 2008), coupled via the OASIS3-MCT coupler (Craig
et al., 2017). CROCO is a hydrostatic (with non-hydrostatic option), terrain-following, free-surface ocean model
that adheres to the Boussinesq approximation and employs a split-explicit time-stepping scheme. Its high ac-
curacy is achieved through a third-order predictor-corrector algorithm and advanced numerical methods,
including a fifth-order upstream scheme for momentum advection and pressure gradient discretization. For tracer
advection, a third-order upstream-biased scheme is used in a split configuration, with the diffusive component
rotated along isopycnal surfaces to reduce unwanted diapycnal mixing (Lemarié et al., 2012; Marchesiello
et al., 2009). Turbulent mixing processes that are not resolved explicitly—at the surface, bottom, and ocean
interior—are represented using the K-Profile Parameterization (KPP, Large et al., 1994).

We use the same oceanic and atmospheric configurations as Renault et al. (2024). The models are implemented
over the GS region and its zonal extent, as shown in Figure 1. The domain spans from 78.6°W to 55.27°W and
34°N to 42.9°N, discretized with a nominal horizontal grid spacing of approximately 700 m for the ocean and
2 km for the atmosphere. Note that the atmospheric domain is slightly more extended (by 8 km) than the ocean
domain to avoid coupling with the WRF sponge. In the vertical, CROCO uses 80 sigma-levels with stretching
parameters of 0, = 7, 6, = 2, and h.;,, = 200 m, whereas WRF has 50 hybrid eta levels, with a model top
pressure set at 1,000 Pa and a first level at 10 m over the ocean.

We performed three 12-month coupled simulations (plus 3-month of spin up, starting from April 2005), all of
which account for the large-scale and mesoscale coupling between the ocean and the atmosphere:

e CTRL considers both submesoscale TFB and CFB.

¢ In NOTFB_SUB, the SST sent to WRF is smoothed with a 30 km Gaussian filter to remove submesoscale
variability and isolate CFB effects.

+ In NOCFB_SUB, the surface currents are smoothed instead, isolating TFB effects.

The exchange of coupled fields is done every hour following the procedure described in Masson et al. (2025). See
Renault et al. (2024) for more details and for an evaluation of the simulations against the observations. In the
following, the summer (July, August, September) and winter (January, February, March) boreal seasons are
compared. Following Renault et al. (2024), submesoscale anomalies, denoted by the prime sign (), are defined as
deviations from a 2-day running mean and by applying the high-pass Gaussian spatial filter (cutoff of about
30 km) used online in NOTFB_SUB and NOCFB_SUB simulations.
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Figure 1. Coupling coefficients related to the CFB. (a, b) s, in summer and winter from CTRL; (c, d) s, in summer and winter from NOTFB_SUB (e, f, g, h) same than
(a, b, c, d) but for s,,. The coupling coefficients exhibit a strong seasonal cycle that is influenced by TFB and by the wind background strength.

3. Results
3.1. Submesoscale Coupling Coefficients

Figure 1 shows two submesoscale coupling coefficients that influence the kinetic and potential energy exchanges
between the ocean and the atmosphere: s, (Figures 1a—1d) denotes the coupling coefficient between submesoscale
surface current vorticity and the curl of submesoscale surface stress. It does not directly represent the sink of
kinetic energy from the ocean to the atmosphere, but instead characterizes the efficiency of “eddy killing”: more
negative values of s, correspond to a more efficient damping of submesoscale eddies. This coefficient is derived
as the slope of the linear relationship between surface current vorticity and surface stress curl submesoscale
anomalies.

s,, 1s the coupling coefficient between submesoscale surface currents vorticity and 10-m wind curl. It is estimated
as the slope between surface current vorticity and 10-m wind curl submesoscale anomalies. A larger s,, indicates
stronger wind curl anomalies that are positively correlated with the surface current vorticity, which weakens s,
that is, the CFB effects on surface stress and the eddy killing. These coefficients are estimated for both the summer
and winter seasons at each grid point.

In the CTRL simulation, s, is characterized by a clear seasonal cycle, with more negative values in winter than in
summer, indicating a more efficient eddy killing (Figures 1a and 1b). In addition, the spatial variability differs
between seasons. In summer, s, shows strong spatial heterogeneity, with near-zero values in the northern GS
region and more negative values along the GS path. In winter, s, is more spatially homogeneous, with values
around —3 X 1072 N's m~3, except along the GS path, where values reach about —2 x 1072 N s m™. This
suggests that during winter, the eddy killing is less effective along the GS path.
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Figure 2. Binned scatterplot of the 6-hr time series of 10 m-wind magnitude domain average and (a) s,, (b) s,, over the full
domain. s, and s,, are estimated each 6 hr as the slope of the linear regression between submesoscale currents anomalies and
stress and wind anomalies, respectively. The colors indicate the density of the points, and the bars show plus and minus one
standard deviation about the mean marked by stars. In (a), the linear regression is indicated by a black line.

The seasonal and spatial variations in s, can be attributed to two main factors: the submesoscale TFB effect on
low-level wind and surface stress, and wind strength. As shown in Bai et al. (2023), Conejero et al. (2024),
Renault et al. (2024), submesoscale TFB and CFB can have a constructive or destructive effect on surface stress
and wind anomalies.

Figures 1c and 1d show s, from the NOTFB_SUB simulation where the submesoscale TFB is removed. In
summer, compared to CTRL, the spatial heterogeneity of s, is reduced, especially in the northern GS region,
where s, no longer approaches zero. Its standard deviation estimated over the domain is reduced in NOTFB_SUB
with respect to CTRL from 4.4 1072 versus 4.7 1072 N's m~3 in summer. s, is therefore generally more negative in
NOTFB_SUB, with a mean value of —9.9 10~ compared with —9.4 10~ N s m~? in the CTRL run, indicating
more effective eddy killing. n winter, the GS imprint on s, disappears in NOTFB_SUB, further reducing its spatial
heterogeneity, as confirmed by a lower standard deviation across the domain. This standard deviation is reduced
in NOTFB_SUB compared to CTRL in both summer and winter (4.4 X 1072 vs. 4.7 X 1072 N-s-m~ in summer,
and 1.27 x 1072 vs. 1.30 x 1072 N-s-m~3 in winter). The spatial mean of s, is again more negative in
NOTFB_SUB than CTRL (—18.2 1073 vs. 17.5 1073 N's m™). This reveals that TFB is more active in summer
and along the GS path in winter, acting in a destructive way against CFB, that is, damping stress anomalies driven
by CFB. Therefore, the general effect of TFB on s,is to increase its heterogeneity, particularly along the GS path.
This is likely related to the presence of strong SST fronts.

The remaining differences in s, intensity between summer and winter can thus be attributed to seasonal variations
in wind speed. To assess its role in modulating s,, we estimate from CTRL s, every 6 hr over the entire oceanic
domain, denoted as s,4y, over the entire 1-year simulation. The background wind speed <U,,> is computed as the
domain-averaged wind speed at the same 6-hr intervals. Consistent with the mesoscale results of Renault
et al. (2017), the wind speed magnitude appears to be a good predictor of the submesoscale sy, with a
remarkably high negative temporal correlation of —0.95. This dependence is further confirmed by statistical
analysis: s,y values are binned as a function of <U,> using 1 m s~! bins over the 12-month CTRL simulation
period. The results, shown in Figure 2a, reveal a clear negative linear relationship: stronger winds lead to more
negative s,¢y values. This relationship is quantified as

S = —3.07x 1073 < U, > 4 0.007 N m~>s 1)

Note that for low wind speed, the raw data deviate from the linear relationship and the linear regression is outside of
the associated standard deviation. This could be due to the wind response that is stronger for low wind speed
(Figure 2b). This scaling is consistent with the mesoscale behavior reported in Renault et al. (2017, 2020), although
the larger coefficients here confirm that s, is more negative at the submesoscale, indicating the surface stress
response to CFB is stronger at these scales. Finally, this diagnostic can also be done using NOTFB_SUB and
NOCFB_SUB (see Figure S1 in Supporting Information S1). From CTRL to NOTFB, the relationship between s.¢5
and <U,> does not change significantly, indicating a weak influence of submesoscale TFB on this diagnostic. This
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is further confirmed using NOCFB_SUB. In this case, the relationship shows a slight positive correlation,
consistent with submesoscale TFB counteracting CFB: s,y = —0.1 X 107> <U,> + 0.0003N m™s.

We now assess the wind response to CFB by analyzing the s,, coupling coefficient. In CTRL, during summer, s,, is
characterized by a large spatial heterogeneity, with values up to ~ 0.25 in the northern GS region, coinciding with
weaker s,. In winter, s,, is also characterized by the imprint of the GS path. Figures 1g and 1h shows s,, from
NOTFB_SUB. As expected, in summer s,, becomes more uniform, with the high values north of the GS dis-
appearing. In winter, the GS imprint on s,, is no longer visible. This confirms the influence of TFB on s,, and thus
that TFB and CFB act together on wind and surface stress—reinforcing each other on wind and counteracting
each other on surface stress. The TFB influence on s,, is stronger in summer than in winter, which is consistent
with a stronger wind response to TFB in summer due to more stable atmospheric conditions and weaker wind
(Desbiolles et al., 2023).

The remaining temporal variation of s, in NOTFB_SUB is driven by wind intensity: in winter the wind is
stronger, decreasing s,, and thus increasing s,. This is confirmed by calculating s,, every 6 hr over the entire
oceanic domain, denoted s,,y, over the entire 1-year simulation. The s,,¢5 values are then binned as a function of
<U,> using 1 m s~! bins over the 12-month CTRL simulation period. Figure 2b shows the results. Unlike s, S,
shows a non-linear relationship. Two behaviors can be highlighted. For winds between 3 and 7 m ~! (mainly
occurring in summer), s,y has a linear relationship with the background wind speed <U,>: the weaker the
background wind speed, the stronger the response to submesoscale currents; for winds greater than 7 m s, the s,,
response reaches a plateau with a value of about 0.13 (nondimensional). Note that this value is weaker than at the
mesoscale (0.3 on average), again confirming a weaker wind response to CFB at the submesoscale than at the
mesoscale, and thus a larger surface stress response.

3.2. Submesoscale Potential Energy Flux

The submesoscale potential energy flux GP; is driven by both heat flux and freshwater flux (Evaporation minus
Evaporation). It has a direct influence on the oceanic buoyancy variability and, thus, on the baroclinic conversion
of potential energy into kinetic energy (e.g., Bishop et al., 2020; Uchoa et al., 2025). Following Uchoa
et al. (2025), we approximate the submesoscale surface buoyancy flux B, as

/ @98

By = Ot = P8(SSS(E = P))’ 2

pOCp

where g is gravity, C, is the specific heat of water, SSS is the sea surface salinity, Q,,, is the net surface heat flux

(positive values represent a flux into the ocean), and E and P are evaporation and precipitation, respectively. ay
and f; are the thermal expansion and salinity contraction coefficients, respectively.

The submesoscale flux of potential energy GP; is estimated as

1 b,B|,
GP, = N 3)
2

d<b>

!
where b; is the surface submesoscale buoyancy (b' = £-), and N7 = 2=
Po z

is the reference squared Brunt-
Viisild frequency, where <b, > = gﬂ%" is the horizontally and temporally averaged buoyancy over the domain

and 1 year. A positive GP; indicates a gain of potential energy for the ocean, while a negative GP; indicates a loss
of potential energy for the ocean. Figures 3a and 3e shows GP; during summer and winter as estimated from
CTRL. In CTRL, GP; is also characterized by a strong seasonal cycle. During summer, there is a strong spatial
heterogeneity with a background of positive values north of the GS (gain for the ocean) and negative values over
the GS (sink for the ocean), a strong positive value over the GS separation near Cape Hatteras, and very fine-scale
positive structures. Three contributions can be distinguished. First, the positive very fine-scale structures are due
to the salt flux contribution and can be attributed to the interaction between mesoscale atmospheric eddies and
submesoscale oceanic SSS anomalies. This can be verified by estimating GP, from CTRL using only the sub-
mesoscale heat flux contribution that are mainly induced by TFB (GP;Qnet, Figure 3b). In GP,Qnet all very fine
structures are no longer present. Estimating GP, from NOTFB_SUB leads to the opposite, that is, a removal of all
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Figure 3. Submesoscale fluxes of potential (GP;) and kinetic (F;K) energy. (a, ¢) GP, in summer and winter from CTRL (c, d) GP, in summer from NOTFB_SUB and
NOCFB_SUB (b, f) GP; in summer and winter from CTRL using only the heat flux contribution (GP;Qnet). (g, h) F;K in summer and winter from CTRL. F;K and GP;
are characterized by a strong seasonal cycle. GP; has contribution from TFB through SST anomalies, from CFB through the influence of surface currents on the turbulent
heat fluxes, and from mesoscale convective atmospheric structures. Note the different scale range in (g, h).

but the finest structures (Figure 3c). Figure 3d shows GP; estimated from NOCFB_SUB. In this estimate, the
strong positive GP; observed after the separation of the GS from Cape Hatteras are notably reduced (by up to
30%), highlighting the influence of CFB on GP;. The remaining positive values result from the adjustment of SST
to evaporation associated with latent heat fluxes, which enhances buoyancy anomalies (b') and thus contributes to
positive GP; values (Renault et al., 2024). The remaining negative background values reflect the transfer of heat
from submesoscale oceanic structures to the atmosphere, effectively reducing the oceanic potential energy
(Uchoa et al., 2025). During winter GP, is even more dominated by the heat flux contribution (Figure 3e). Along
the GS, the positive and negative values are explained by the dominance of the heat extraction (and thus potential
energy removal) contribution and the salinity adjustment leading to an increase in b’, the other processes being
second order (e.g., the contribution of CFB represents less than 10%). GP, can also be estimated using
NOTFB_SUB, allowing to highlight the effect of CFB on GP;. In this case, GP; is roughly reduced by 80% with
respect to CTRL, indicating an influence of CFB on GP, by ~20% during winter.

3.3. Submesoscale Kinetic Flux and Energy

We now evaluate the submesoscale kinetic energy flux during summer and winter. To do this, we first estimate the
submesoscale eddy windwork F;K, estimated as

FK, = i(T)'(u,', +7)v5) ()
Po
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Figure 4. (a, b) Show the submesoscale kinetic from CTRL in summer and winter. (c, d) Kinetic energy co-spectrum
difference between NOCFB_SUB (NOTFB_SUB) and CTRL in summer and winter. The SKE exhibits a strong seasonal
cycle. Submesoscale CFB and TFB are mainly active for scales finer than 10 km. The dashed line represents approximately
the effective resolution of the oceanic simulations (see Renault et al., 2024).

where 7, and 7, are the zonal and meridional surface stress, u, and v, are the zonal and meridional currents, and p,,
is the ocean surface density. F; K represents the exchange of kinetic energy between the submesoscale currents
and the atmosphere. A negative F; K| indicates a transfer of kinetic energy from submesoscale currents to the
atmosphere.

As shown in Figures 3g and 3h, in CTRL, F,K; is characterized by a strong seasonal cycle with less negative
values in summer than in winter and by a strong spatial heterogeneity with larger values over the GS path. FK|
can be approximated as the product between s, and the SKE (Renault et al., 2017) (see also Figure S2 in Sup-
porting Information S1). s, has a similar seasonal cycle, with less negative values during summer than during
winter, which tends to transfer less kinetic energy from the submesoscale currents to the atmosphere. Figures 4a
and 4b depicts the mean Submesoscale Kinetic Energy (SKE) of CTRL for summer and winter, defined as

2 72
SKE = % 3)

where u, and v, are the zonal and meridional surface currents, respectively. In agreement with the literature (e.g.,
Callies et al., 2015 and Contreras et al., 2023b), the SKE reaches its maximum intensity along the GS path and
follows a clear seasonal cycle, with a peak during the winter months. This seasonal variation is mainly driven by
mixed layer instabilities, which become more pronounced as the mixed layer deepens during winter. The seasonal
variation of F,K is therefore driven by both s, and the SKE.

3.4. Submesoscale Kinetic Energy Activity Response

To assess the submesoscale current response to CFB and TFB, the KE co-spectra are estimated according to
Renault et al. (2024):

0
CSxp = / 0.5(R[ iy u; + 7, v; |)dz ©®)
—100
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The caret (*) denotes the two-dimensional Fourier transform. The symbol R is the real component of the spectra,
and the asterisk (*) represents the complex conjugate operator.

Figures 4c and 4d shows the percentage difference between NOCFB_SUB and CTRL (green) and NOTFB_SUB
and CTRL (red) for the 100 m depth-integrated KE co-spectra, averaged over the black box in Figure 4a. In
contrast to the energy fluxes, both CFB- and TFB-induced SKE reductions do not show a pronounced seasonal
cycle. Two scale ranges can be identified. For spatial scales in the 10-30 km range, NOCFB_SUB results in a
modest reduction of the SKE (about 5%) in summer, while in winter the effect of eddy killing on the SKE is not
significant in the 10-30 km range. In both seasons, the potential energy flux between the ocean and the atmo-
sphere induced by TFB does not cause a significant modulation of the SKE. This indicates that at these scales,
submesoscale TFB and CFB are not a dominant process because their relative importance is reduced compared to
other processes. However, at scales finer than 10 km, both submesoscale TFB and CFB have a significant effect
on the SKE, with a reduction of up to 40% for CFB and 60% for TFB. The largest reduction occurs at scales below
4 km, which corresponds to the effective resolution of the oceanic simulation that is, a gray zone where sub-
mesoscale currents are only partially (or not at all) resolved. In summer, both CFB and TFB weaken the forward
cascade, with TFB additionally suppressing baroclinic energy conversion (see Figures S3 and S4 in Supporting
Information S1). In winter, both feedbacks reduce baroclinic conversion, while CFB further damps the forward
cascade at scales below 5 km (see Figures S3 and S4 in Supporting Information S1). Note that because of the
windowing of the co-spectrum analysis, this analysis focuses on the GS vicinity, and, thus, only over the negative
values of GP;. One could expect a slight increase of the submesoscale activity nearby the GS separation during
summer.

4. Conclusion and Discussion

In this study, we have investigated the seasonal variability of submesoscale CFB and TFB, including their effects
on the low-level wind, surface stress, potential and kinetic energy fluxes, and the associated oceanic response. We
first evaluate the coupling coefficients mainly associated with CFB: s, as a proxy for the surface stress response
and s,, as a proxy for the wind response. Our analysis first shows that the combined effect of TFB and CFB is the
strongest during summer, when they have a constructive effect on the low-level wind and a destructive effect on
the surface stress. This interaction leads to a reduced CFB effect on the surface stress during summer and along
the GS during both winter and summer. The seasonal evolution of the coupling coefficients can therefore be partly
attributed to a stronger TFB influence during summer, as well as to the seasonal variability of the background
wind speed: stronger winds lead to a weaker wind sensitivity to both TFB and CFB, resulting in a stronger surface
stress response to CFB. Note that both s, and s,, do not fully reflect the surface stress and wind response to TFB,
but only the part that is spatially coherent with the surface currents.

We then evaluated the seasonal cycle of kinetic and potential energy fluxes (F;K; and GP,) induced by CFB and
TFB. F,K, exhibits a strong modulation driven by the seasonal cycle of surface kinetic energy (SKE), with winter
characterized by a larger energy reservoir, and by a more negative coupling coefficient between surface flow and
stress (s,), which together tend to enhance the sink of kinetic energy from submesoscale flows to the atmosphere.
GP; is also characterized by a strong seasonal cycle. During summer, CFB can significantly modulate GP; near
the Gulf Stream separation and can lead to a gain of GP;. Interestingly, while F;K; and GP; are characterized by a
strong seasonal cycle, the submesoscale flow response to CFB and TFB has only a weak seasonal cycle. For scales
between 10 and 30 km, the SKE response is weak or even not significant, indicating that CFB and TFB are not the
main drivers of their variability at these scales. In contrast, at scales below 10 km, both CFB and TFB become
important.

Overall, our results highlight that CFB and TFB are inextricably linked at the submesoscale, especially in summer
when submesoscale TFB can have a large influence on the low-level wind. The summer peak of TFB influence,
coupled with the winter dominance of CFB-induced energy fluxes, underscores the need to consider both
mechanisms simultaneously when assessing ocean-atmosphere coupling. These results also suggest that future
modeling and observational efforts targeting submesoscale coupling should take into account seasonal variability,
background wind conditions, and the relative strength of SST and surface current gradients. This also raises the
question of how to force an ocean model at the submesoscale. We have shown that, similar to the mesoscale, the
submesoscale s, can be predicted from the magnitude of the wind. However, the coefficients differ due to a
weaker wind response at the submesoscale. In some regions during summer, TFB can also offset the effect of CFB
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on surface stress. The existing CFB parameterizations proposed by Renault et al. (2020) do not account for these
subtleties and should be revised to be scale-aware and to include potential combined TFB effects.

To conclude, in terms of observations, new missions such as Harmony (Ldopez-Dekker et al., 2019) and future
mission such as ODYSEA (Larrafiaga et al., 2025; Rodriguez et al., 2019) and intensive in situ campaigns such as
the S-MODE campaign (Farrar et al., 2025) could help to have a better understanding of the seasonal cycle of the
submesoscale air-sea interactions and even to derive parameterizations based on observations.
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