
1. Introduction
The exchange of heat and momentum between the ocean and the atmosphere is a critical component of global 
climate evolution. Processes that govern air-sea coupling and the transfer of climate-relevant tracers occur 
across a broad range of scales (Chang et al., 2020; Renault et al., 2018; Seo et al., 2023; Small et al., 2019; 
Strobach et al., 2022), with transitions in air-sea behavior occurring at a few key spatial scales. At the basin 
scale, the atmosphere supplies the momentum that powers the ocean currents (Rai et al., 2021) and determines 
the oceanic distribution of latent and sensible heat fluxes (Small et al., 2008, 2019). At oceanic mesoscale, or 
spatial scales of O(100) km and Rossby number Ro = ζ/f ≪ 1 (where ζ is the vertical component of relative 
vorticity), these relationships reverse and ocean surface variability triggers atmospheric responses (Chelton & 
Xie, 2010; Frenger et al., 2013; Renault et al., 2016; Seo et al., 2023; Small et al., 2019). This change in behavior 
occurs due to two dynamical processes that become relevant at the scale of ocean mesoscale eddies: the thermal 
and current feedbacks (TFB and CFB), which are related to surface ocean temperature gradients and velocity 
gradients, respectively. Wind-front interactions have been studied almost exclusively using satellite products 
(e.g., Chelton et al., 2004) and mesoscale-resolving numerical simulations (e.g., Renault et al., 2016; Takatama 
& Schneider, 2017). In the ocean, however, another dynamical transition occurs at O(10) km, scales smaller 
than the mesoscale, where the Rossby number approaches O(1). Hereafter, we refer to O(10) km and Ro ≳ 1 
motions as “sub-mesoscale.” While the impact of these sub-mesoscale features on air-sea interactions remains 
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scales imprint their signatures on the surface wind stress, which in turn supplies the ocean with momentum. 
This process is called wind-front interaction and typically referred to as thermal and current feedbacks when 
generated by temperature gradients and velocity gradients, respectively. Previously, studies using satellite 
observations and regional numerical models have studied either feedback in isolation; consideration of both 
feedbacks in tandem remains immature. Here, we present an approach that assesses both feedbacks' combined 
and relative impact on the surface wind stress, using output from an air-sea coupled simulation. This approach 
allows us to identify constructive and destructive patterns of how the two feedbacks interact, which remain 
mostly linear down to the simulation resolution. The jointly-generated wind stress derivative anomalies are 20 
times stronger than observed previously at larger scales. Considering both feedbacks, reconstructions of wind 
stress derivatives are viable and have 10%–40% less error on average compared with using either feedback by 
itself. Contributions from either feedback in modifying wind stress fields vary temporally and can be related to 
physical properties such as surface wind speed and air-sea temperature difference across the studied area.
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largely unconstrained, they are characterized by strong anomalies in vorticity and density gradients (Balwada 
et al., 2018; Siegelman et al., 2020; Taylor & Thompson, 2023) that may contribute to the TFB and CFB.

The thermal component of wind-front interactions assesses the “bottom-up” (Renault et al., 2018) thermodynamic 
influence of sea surface temperature (SST) gradients on the atmospheric wind fields (Chelton et al., 2004). Fore-
runner studies, such as Chelton et al. (2001); Chelton et al. (2004); O’Neill et al. (2012), empirically established 
positive linear relationships between wind stress divergence and wind stress curl with downwind and crosswind 
SST gradients (defined in Section 3.1), respectively. Mechanisms that support the TFB coupling were reviewed in 
detail by Small et al. (2008). Gradients in SST modify the overlying atmospheric boundary layer stability and  the 
surface drag coefficient. This in turn generates mesoscale variability in wind speed and stress through either 
pressure adjustment or downward momentum transfer (Desbiolles et al., 2023; Frenger et al., 2013). Chelton 
et al. (2007); Chelton et al. (2011); O’Neill et al. (2012) quantified these correlations through linear coupling 
coefficients and found seasonal fluctuations in the coupling intensity (Chelton & Xie, 2010). The TFB influences 
the distribution of latent and sensible heat fluxes (Foussard et al., 2019), and induces wind stress curl anomalies 
that can enhance Ekman pumping, especially in the Southern Ocean (Gaube et al., 2015).

Current feedback (CFB), the mechanical driver of wind-front interactions, arises from the difference between 
surface vector winds and surface ocean currents. Since mesoscale eddies are typically of smaller spatial scale 
than atmospheric variations, the air-sea velocity difference is non-uniform across the eddy. This feature causes 
eddies with positive vorticity to generate a negative wind stress curl anomaly (Renault et al., 2016), and eddies 
with negative vorticity to generate a positive wind stress curl anomaly (Rai et al., 2021). Bye (1985); Rooth and 
Xie (1992) showed analytically that the negative correlation between vorticity and wind stress curl is linearly 
dependent on the magnitude of the local surface wind speed. Renault et al. (2017) used mesoscale satellite obser-
vations to confirm that the current-stress coupling coefficient depends on local surface wind speed. CFB is a sink 
of the oceanic mesoscale geostrophic kinetic energy to the atmosphere (Renault et al., 2016; Xu & Scott, 2008). 
This “eddy killing” effect acts through the wind stress curl-induced Ekman pumping (Gaube et al., 2015) that 
counteracts the eddy vorticity and therefore weakens the eddies (Renault et al., 2018). At mesoscales, where 
flows are to leading order geostrophic and divergence-free, the connection between surface current divergence 
and wind stress divergence is often neglected (Renault et al., 2018).

Recent high-resolution numerical simulations have enabled a first exploration of sub-mesoscale wind-front feed-
backs, which are shown to be significantly enhanced compared with those at mesoscales. Strobach et al. (2022) 
focused on SST fronts of ∼10 km in the Gulf Stream using a sub-mesoscale-resolving coupled simulation. These 
SST gradients are up to 20 times stronger than those observed in pioneering mesoscale studies (e.g., Chelton 
et  al.,  2004), and they generate large wind stress curl anomalies up to 10 −5  N  m −3. In an idealized simula-
tion, Chen et  al.  (2022) confirmed the enhancement of CFB due to sub-mesoscale surface vorticity anoma-
lies that exceed the local Coriolis parameter f. At the sub-mesoscale, flow begins to escape the constraint of 
Earth's rotation, and surface divergence starts to assume a comparable magnitude as the surface vorticity (Callies 
et al., 2020; McWilliams, 2016; Thomas et al., 2008). At those small spatial scales, a negative linear correlation 
between surface divergence and wind stress divergence was recently identified (Chen et al., 2022), in addition 
to the well-established correlation between ocean vorticity and wind stress curl. The impact of sub-mesoscale 
wind-front interactions on globally-integrated heat and momentum budgets are yet to be quantified.

Most previous studies, including recent studies that resolve sub-mesoscales, quantify wind stress derivatives as 
a function of either TFB or CFB, but rarely consider the two processes in tandem. Chelton et al. (2004) pointed 
out that strong density fronts are often collocated with strong currents and speculated that wind stress curl modi-
fications from TFB could potentially be contaminated with CFB (Small et al., 2008). Renault et al. (2019) and 
Takatama and Schneider (2017) developed controlled mesoscale simulations to separate the two feedback mech-
anisms by only having one active at a given time, and identified their individual contribution to wind stress curl. 
However, in a coupled simulation or using observations, it is not possible to separate the impact on the wind stress 
derivatives from individual feedback mechanisms, and predictions from these “1D” studies, hereby referred to as 
1D current or 1D thermal analysis, may be inaccurate due to the combination or cancellation of correlated TFB 
and CFB. In this study, we use output from a high-resolution coupled climate model to show that there is a large 
region of parameter space where an accurate prediction of wind stress derivatives requires accounting for both 
feedbacks. We adopt a “2D” perspective that incorporates both TFB and CFB and assesses their joint influence 
and relative importance simultaneously.
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2. Methods and Study Region
In this study, we use outputs from the state-of-the-art global Coupled Ocean-Atmosphere Simulation (COAS), 
commonly referred to as C1440-LLC2160. The oceanic component of COAS has a horizontal grid spacing of 
1/24°, approximately 2 km around Antarctica. The atmospheric models has a nominal horizontal grid spacing of 
6.9 km. The simulation was initialized on 20 January 2012, and results shown below are based on output from 
June 1st to 31 August 2012 (JJA). This configuration is identical to that used in Torres et al. (2022), from which 
the readers can find more general information on the model and experiment setup. The unprecedented spatial and 
temporal resolutions of this global coupled simulation make it a unique and necessary tool to study meso-to-sub-
mesoscale wind-front interactions, a regime that remains under-explored.

The present study focuses on two subdomains that are within or close to the Drake Passage region of the Southern 
Ocean (Figure 1), where the impact of variable ocean surface properties is disproportionally large (Nicholson 
et al., 2022). We select this region because it is aligned with the westerly wind stress maximum (Figure 1b), 
and the Southern Ocean is a key site of air-sea exchange and ventilation (Dove et al., 2021; Gruber et al., 2019; 
Marshall & Speer, 2012), both of which may be impacted by vertical velocities linked to small-scale wind-front 
interactions (Gaube et al., 2015; Renault et al., 2023). Furthermore, the two 5° × 5° subdomains compare a quies-
cent, low eddy kinetic energy (EKE) regime, and a turbulent frontal region with higher background energy levels, 
the latter of which have been shown to localize and enhance ventilation (Dove et al., 2022, 2023). The surface Ro 
distribution (Figures 1c and 1d) for quiescent and energetic regions both favor cyclonic eddies and respectively 
have skewness values of 0.4 and 0.9, suggesting more sub-mesoscale fronts (Barkan et al., 2019; Buckingham 
et al., 2016) and frontal slumping (Hoskins & Brertherton, 1972) in the energetic region; Ro also has a larger 
magnitude in the energetic region.

In the following sections, we describe the 2D approach and the synergy of thermal and current feedbacks with 
output from the energetic region. These results do not depend on the dynamical processes that generate the 
SST gradients and vorticity anomalies; therefore we primarily focus on the statistical impact on wind-stress 

Figure 1. Southern Ocean study domains. (a) Mean surface eddy kinetic energy (EKE [m 2 s −2]) for austral winter months in 2012, taken from the COAS simulation 
(see Section 2), for the eastern Pacific sector of the Southern Ocean. The white boxes show two subdomains that are the focus of this study. The western (dashed) and 
eastern (solid) boxes correspond to quiescent (58–53°S, 95–90°E) and energetic (62–57°S, 70–65°E) regions, respectively. (b) Zonally-integrated zonal wind stress [N 
m −2] for the region shown in panel (a). (c) Histogram of Rossby number in the quiescent region; (d) Histogram of Rossby number in the energetic region.
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gradients in this simulation. Results from the quiescent subdomain provided in Supplementary Information S1 
offer preliminary insight into regional variations. A more thorough regional and temporal analysis of wind-front 
interactions  is beyond the scope of this work.

3. Results
In this section, we consider the relative importance of both TFB and CFB by constructing a series of 
two-dimensional, binned-averaged, conditional mean plots that evaluate the joint dependence of wind stress curl 
and divergence on surface ocean vorticity/divergence and temperature gradients. We also quantify the relative 
contribution of each feedback on wind stress properties via linear coefficients, and investigate the temporal vari-
ability of these coefficients as well as the mechanisms that give rise to the variability.

3.1. Combined Impact of Thermal and Current Feedbacks
The dependence of wind stress curl and divergence on surface ocean properties illustrates scenarios and regimes 
where, if considered using the 2D approach, CFB and TFB combine constructively and destructively. These 
regimes are evaluated by bin-averaging the hourly wind stress curl or divergence as a function of two proper-
ties, one chosen from each category: ocean vorticity and divergence, or crosswind and downwind SST gradient. 
Crosswind SST gradients are defined by ∇SST × τ in which the winds are aligned with the front. For downwind 
SST gradients, ∇SST⋅τ, the winds are perpendicular to the frontal direction. Ocean vorticity and divergence are 
normalized by the absolute value of f, while SST gradients are scaled by a typical sub-mesoscale frontal length 
scale, ∼10 km. Note that the normalizations are different from previous mesoscale studies in order to highlight 
sub-mesoscale features. A series of conditional mean plots (Figure 2) are constructed with non-uniform bin  sizes 
as data points are sparse for extreme values; non-dimensionalized vorticity (ζ/|f|) and divergence (δ/|f|) have 
bin sizes ranging from 0.1 near 0 to 0.5 at ±4; crosswind and downwind SST gradient bin sizes range from 
0.1°C/10 km near 0 to 0.4°C/10 km at ±8 (see further details in SI). These results are qualitatively similar when 
using uniform bin sizes. We calculate the mean and other statistical moments, using hourly output, to which we 
apply a one-day running mean to each field to remove high-frequency variability, likely related to atmospheric 
fluctuations. All values of wind stress curl/divergence over the full austral winter period (JJA, 2012) are collected 
for a given combination of vorticity/divergence and crosswind/downwind SST gradient, from which the stand-
ard deviation is calculated. Data that exceed ±1 standard deviation, in each bin, are removed before computing 
the mean wind stress product to further minimize outliers introduced by synoptic events. The mean percent-
age of data removed in each panel ranges from 24.8% to 30.9%. The calculations of slopes and coefficients in 
Section 3.2 are not sensitive to this standard deviation cutoff.

There are eight possible combinations from two sets of surface variables as axes (ocean vorticity/divergence 
and cross/down-wind SST gradients): four for wind stress curl and four for wind stress divergence. Four are 
highlighted in Figure 2 that are representative of different CFB and TFB regimes. When only one property is 
relevant to the wind stress derivative, the conditional mean plot provides similar information as the independent 
1D approach; when both properties are correlated with the wind stress field, the 2D perspective show patterns 
of interaction.

Between the two chosen axes of the conditional mean plot, if only one of the properties is contributing actively to 
wind-ocean feedbacks, then the wind stress derivative varies along a single axis, for example, Figures 2b and 2c. 
This essentially reduces to an independent 1D analysis. In Figure 2b, the mean wind stress divergence is close to 
zero when the downwind SST gradient is weak, for all values of surface vorticity. Positive downwind SST gradi-
ents lead to a positive wind stress divergence. This indicates that SST gradients and the TFB dominate small-scale 
structures in wind stress divergence, while surface vorticity plays a negligible role in setting small-scale variabil-
ity. By averaging across surface vorticity values, the traditional 1D binned analysis of the TFB slope compares 
well with previous studies (e.g., Chelton & Xie, 2010). TFB also occurs where crosswind SST gradient is posi-
tively correlated with wind stress curl, while ocean divergence, as the other axis, has a limited impact (Figure 2c).

The conditional mean analysis also illustrates regimes where components from both CFB and TFB contribute to 
wind stress gradients. In Figure 2a, both vorticity and crosswind SST gradients shape small-scale variations in 
wind stress curl. For a given surface vorticity, wind stress curl increases linearly with crosswind SST gradient. 
However, meso- and smaller-scale features in wind stress curl are at the same time imprinted from surface ocean 
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vorticity, which causes wind stress curl to decrease with increasing vorticity, at fixed crosswind SST gradients. 
Together, this causes the zero-line (white) in wind stress curl to be tilted between the independent TFB- and 
CFB-dominant regimes. CFB constructively reinforces TFB feedback in the second (negative SST gradient and 
positive vorticity) and fourth (positive SST gradient and negative vorticity) quadrants, while destructively atten-
uating or even reversing the sign of the wind stress curl anomaly in the first (positive SST gradient and vorticity) 
and third (negative SST gradient and vorticity) quadrants. The combined influence is also present in Figure 2d, 
in which wind stress divergence is a function of both ocean surface divergence and downwind SST gradient. The 
constructive interaction between both feedbacks suggests that anomalously large wind stress curl or divergence 
occurs at large magnitudes of SST gradients and surface vorticity or divergence values, when they have the 
opposite signs. In Figure 2a, the jointly-generated wind stress curl approaches anomalously positive values that 
are over 0.1 N m −2/10 km, about 20 times stronger than in previous mesoscale studies (e.g., Chelton et al., 2004). 
This enhancement at small scales is also consistent with Strobach et al.  (2022)'s 1D study on sub-mesoscale 
thermal feedback. These results also confirm, in a realistic numerical setting, that strong sub-mesoscale surface 
ocean divergence imprints on wind stress divergence, first shown in an idealized simulation by Chen et al. (2022). 
Although high-resolution 1D studies show enhanced feedback impact, they neglect variations from the other 
feedback and tend to underestimate wind stress curl or divergence, which is illustrated in Section 3.2.

3.2. Vorticity and Crosswind SST Gradient: Contribution and Variability
Based on the interaction between both feedbacks, in this section we test the hypothesis that most variance in wind 
stress fields can be explained by a combination of ocean surface vorticity/divergence and cross/downwind SST 

Figure 2. Conditional mean plots, conditioned on surface ocean vorticity or divergence and crosswind or downwind SST 
gradients, colored by mean values of either wind stress curl or wind stress divergence. Cross marks indicate bins with less 
than 50 points after removing data outside of mean ±1 standard deviation. Circles indicate bins with standard error that is 
larger than the mean value. (a) The joint influence of vorticity and crosswind SST gradient on wind stress curl. (b) TFB from 
downwind SST gradient on wind stress divergence. (c) TFB from crosswind SST gradient on wind stress curl. (d) The joint 
influence of ocean divergence and downwind SST gradient on wind stress divergence. The slope of the zero-line (white in all 
panels) indicates the level of interaction and competition between surface vorticity/divergence and crosswind/downwind SST 
gradients in generating small-scale features in the wind stress fields. Evidence of sub-mesoscale dynamics is indicated by 
regions where the magnitude of Ro = ζ/f is greater than 1 and is positively skewed (Figure 1).
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gradients when the wind stress field is not dominated by synoptic events. The following analysis is focused on the 
dependence of wind stress curl on surface vorticity and crosswind SST gradients, but the same approach applies 
to wind stress divergence (see SI). We propose a dependent, bivariate, as opposed to univariate, and linear model 
to reconstruct wind stress curl:

∇ × 𝝉 = 𝛼 𝜻∕|𝑓 | + 𝛽 ∇𝑐SST. (1)

∇cSST stands for crosswind SST gradients. The coefficients α and β are solved for simultaneously by inverting 
the matrix whose columns correspond to vorticity scaled by |f| and crosswind SST gradients scaled by 10 km 
within the subdomain and over the desired time scales. The coefficients vary with the chosen normalization, but 
the relative contributions of the two terms on the right-hand side of Equation 1 are not dependent on normaliza-
tions. These coefficients are directly related to the 2D wind stress curl distributions, such that the ratio of α and β 
corresponds to the zero-line slope (not shown) in Figure 2a. To assess the importance of the combined TFB and 
CFB, we compare the 2D dependent reconstruction to wind reconstructions due to CFB and TFB alone, as well 
as the linear sum of these two cases, for example, with α and β coefficients determined independently.
Among the various reconstruction approaches, the ones that incorporate both feedbacks (2D and 1D current + ther-
mal) provide a more accurate representation of the variance of wind stress curl (Figure 3). We solve for the 2D and 
1D coefficients at hourly intervals in the energetic subdomain (Figure 1) and reconstruct the wind stress curl linearly 
based on Equation 1. Notably, the reconstructed wind stress curl has similar magnitudes using the bivariate 2D and 
1D current + thermal approaches (Figures 3b, 3e and 3g, 3j). By comparison, univariate reconstruction performances 
are based on only one feedback, 1D current (Figures 3c and 3h) or 1D thermal (Figures 3d and 3i), fluctuate in time, 
suggesting that CFB or TFB dominance can vary even in a localized region. To statistically quantify their agreement 
with the simulated wind stress curl, the hourly Pearson correlation coefficient squared r 2 is shown in Figure 3k 
for each method. Agreement between the two time series of r 2 reconstructed by both feedback suggests similar 
spatial structures, while 1D current or 1D thermal feedback preferably recovers vorticity or filamentary structures, 
respectively. The r 2 values indicate that skill in reconstructing wind stress curl improves when both feedbacks are 
involved. Specifically, the 1D current and 1D thermal reconstructions have 40% and 10% larger domain-averaged 
root-mean-square error (RMSE) for the three-month period (Figure 3l) as compared to the 2D reconstruction. The 
1D independent sum slightly under-performs the 2D approach, with 3% more RMSE. However, caution should be 
taken in interpreting the reconstruction performance, as Equation 1 is limited when large-scale wind stress curl 
anomalies pass through the subdomain, potentially linked to synoptic events, as discussed in Section 4.
The 2D coefficients improve the wind stress curl reconstruction, but their values are time dependent (Figure 4). 
α and β are calculated as in Equation  1 with one-, five-, and fifteen-day time windows within the energetic 
domain. For each case, the coefficients are calculated by updating the center of the window by one day; the 
values are plotted at the window midpoint in Figures 4b and 4c. Wintertime daily-calculated α has a mean of 
−0.017 ± 0.006 N m −2/10 km and β has 0.013 ± 0.007 N m −2/°C. The standard deviation for both coefficients 
reduces to ∼0.003 at 15-day time scale. The ratio, β/|α|, across all three windowing time scales is about 0.8 
10 km/°C, which is consistent with the zero-line slope in Figure 2a.
We explored a wide range of physical properties at the air-sea interface that could contribute to variations in α and β, 
and find that the most relevant are wind speed and air-sea temperature difference, respectively (Figures 4a and 4d). 
Within one-, five-, and fifteen-day time windows, wind speed at 10 m and each coefficient are scattered  and the 
correlation between them is quantified with Pearson linear coefficients 𝐴 𝑟𝑊𝛼

 and 𝐴 𝑟𝑊𝛽
 (Figures 4e and 4f). Absolute 

values of 𝐴 𝑟𝑊𝛼
 and 𝐴 𝑟𝑊𝛽

 both increase with windowing length. Having 𝐴 𝑟𝑊𝛼
> 0.8 indicates that α has a tight linear corre-

lation with wind speed; this is weaker between β and wind speed with 𝐴 𝑟𝑊𝛽
 ranging from 0.6 to 0.8. Indeed, when 1D 

binned means and standard deviations of α and β are calculated as a function of wind speed (with bin sizes 1 m s −1), 
β has a spread that is twice as large compared with α, on average (Figures 4e and 4f). We explore β’s relationship 
with air-sea temperature difference, noting that the quadratic drag coefficient of wind stress calculation, Cd, depends 
on this temperature difference. The correlation, 𝐴 𝑟𝑇𝛽 (Figure 4g), ranges from 0.4 to 0.7, with the largest 𝐴 𝑟𝑇𝛽 occurring 
for one-day time windows. The implications of the correlation dependence on time scale are discussed in Section 4.

4. Discussion
This study emphasizes the importance of a 2D perspective on wind-front interactions at sub-mesoscales that 
accounts for the joint impact of TFB and CFB. This is illustrated by the distribution of wind stress curl as a 
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function of surface vorticity and crosswind SST gradient (Figure 2). Incorporation of both feedbacks improves 
the skill of hourly wind stress field estimations compared with the traditional (univariate 1D) approaches 
(Figure 3). These relationships are summarized in terms of coefficients α and β that describe the dependence 
on vorticity and crosswind SST gradients, respectively. The coefficient fluctuations are strongly correlated with 
variations in domain-averaged wind speed and air-sea temperature difference, respectively. In this section, we 
discuss implications of these small-scale wind-front interactions (Figure 2) as well as some limitations of the 
linear reconstruction.

Both TFB and CFB are required to accurately reconstruct wind stress field variability (Figure 3). Wind stress 
curl reconstructions are similar using either a 2D dependent sum or 1D current + thermal sum. Yet, using TFB or 
CFB alone leads to a larger domain-averaged RMSE, up to 60% and 190%, respectively. This occurs because the 
dominant feedback can vary with time (Figures 3k and 3l).

However, when both feedbacks are taken into account, the 2D dependent sum does not significantly outper-
form the 1D independent current + thermal sum. Thus, the interaction between TFB and CFB, at least in this 
simulation, remains largely linear from larger scales, O(100) km, to the resolved scales in this study, O(10) km, 
including regions where Ro ≳ 1. The accuracy of the 1D independent sum may deteriorate as the model resolution 

Figure 3. Illustration of reconstruction performances with simulated wind stress curl snapshots and hourly reconstruction variability. The top two panels (a–j), from 
left to right, show: (a, f) wind stress curl from the numerical simulation, (b, g) wind stress curl estimated by 2D dependent coefficients for both current and thermal 
feedback, (c, h) reconstruction based on 1D current feedback, (d,i) reconstruction based on 1D thermal feedback, (e, j) reconstruction from the linear sum of the 1D 
current and thermal feedbacks. Pearson linear correlation coefficients squared (r 2) of each reconstruction and simulated wind stress curl are calculated per hour in (k). 
The root-mean square error of all 1-D reconstruction methods as well as the 2-D error are averaged through the subdomain in (l). The 1D current RMSE ratio curve is 
cropped, but reaches a maximum value of 2.98. The dashed lines indicate an instance of thermal and current feedback dominance that correspond to panels (a–e) and 
(f–j), respectively. Black dashed lines are 10 days separations.
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increases, allowing for stronger and non-linear fronts. The temporal scale at which the upper ocean vorticity and 
SST fields evolve may also alter the relative importance of CFB and TFB.

While consideration of both vorticity and SST gradients improves wind stress curl reconstruction over 1D indi-
vidual estimates, there remain periods when the inferred wind stress curl field differs significantly from the 

Figure 4. Variability of coefficients α and β and their correlation with wind speed and air-sea temperature difference. Temporal evolution of (a) wind speed, (b) α, 
(c) β, and (d) air-sea temperature difference (air temperature at 10 m − SST). The temporal variability is spatially averaged over the domain and over the same time 
period in which α and β are obtained. (e) Correlation between wind speed and α with Pearson correlation coefficient 𝐴 𝑟𝑊𝛼

 . (f) Correlation between wind speed and β with 
Pearson correlation coefficient 𝐴 𝑟𝑊𝛽

 . (g) Correlation between air-sea temperature difference and β with Pearson correlation coefficient 𝐴 𝑟𝑇𝛽 .
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simulated output, at least as measured by r 2 (Figure 3). Further analysis of the reconstructed snapshots during 
these periods as well as the RMSE suggests a more nuanced relationship. During high r 2 events (r 2 > 0.6), the 
simulated wind stress curl is dominated by vorticity and strain structures that reflect those at the ocean surface. 
In most of the anomalously low r 2 events (r 2 < 0.2), the simulation is characterized by a large-scale, anomalous 
wind stress curl event that obscures the underlying fine-scale structures, which is potentially related to synoptic 
storms. The proposed 2D coefficients support reconstruction of the slowly-varying wind stress curl structures, 
therefore leading to occasional low r 2 values when synoptic transient events dominate the wind field. Indeed, 
removing the domain averaged wind stress derivatives at those instances recovers some fine-scale structures and 
raises r 2 by 25%–50%.

Spatially, the CFB and TFB coefficients are not uniform throughout the domain, but are instead tied to coher-
ent structures, such as filamentary strain or eddy vorticity centers (Balwada et al., 2021) as diagnosed by the 
Okubo-Weiss parameter (SI). This information may be useful for future observational campaigns, similar to the 
Sub-Mesoscale Ocean Dynamics Experiment (S-MODE) (Farrar et al., 2020), in terms of experiment design 
and real-time adaptive sampling. The different characteristic time scales of variability for α and β as well as the 
differing correlations between the two coefficients and various physical properties suggest that CFB and TFB 
vary in response to different physical processes. Vorticity coefficients α are linearly correlated with wind stress 
magnitude 

(
𝑟𝑊𝛼

> 0.8
)
 for all three time windows (Figure 4e), indicating an almost instantaneous domain-wide 

adjustment to wind stress curl through changes in relative velocities. The TFB coefficient β correlates with both 
air-sea temperature difference and wind speed, yet the spread is almost twice as large in the wind speed corre-
lation. Since the highest 𝐴 𝑟𝑇𝛽 occurs at daily time scales (Figure 4g), we infer that air-sea temperature differences 
and the daily atmospheric heating/cooling cycle explain most of the variance for high frequency variations of β. 
This is consistent with Desbiolles et al. (2023), which identified a correlation at a daily time scale between 1D 
thermal feedback and air-sea temperature gradients in reanalysis data. In contrast, 𝐴 𝑟𝑊𝛽

 remains moderate for all 
time scales. The larger spread may be explained by a longer time for wind speed adjustment through downward 
momentum mixing in the atmospheric boundary layer as compared to air-sea temperature thermal adjustments. 
A more detailed mechanistic analysis of β and its relationship to wind speed and air-sea temperature gradient 
is needed. The relative contributions from each feedback are expected to vary both temporally and spatially 
throughout the global ocean; mapping this behavior is left for future studies.

This study has focused on simulated, wintertime properties from Drake Passage, Southern Ocean. This region hosts 
especially vigorous mesoscale and sub-mesoscale flow fields (Luecke et al., 2017), enabling strong wind-front 
interactions and the potential for enhanced ventilation. Compared to the rest of the global ocean, properties 
unique to the Southern Ocean include stronger surface winds (Flexas et al., 2019) (Figure 1b), sharper surface 
density gradients, deeper mixed layers (Dong et  al.,  2008), and weaker stratification, which, combined with 
the connectedness to the world ocean basins (Talley, 2013), make the Southern Ocean a critical location where 
the impact of wind-front interactions and modifications to air-sea fluxes may have a global impact (Nicholson 
et al., 2022). The stronger sub-mesoscale modification to wind stress curl in this study could potentially enhance 
vertical velocities in the upper ocean through Ekman dynamics (Gaube et al., 2015; Seo et al., 2016). The impact 
of wind-front interactions on the transport of tracers, ventilation, and upper ocean stratification in the Southern 
Ocean are key directions for future study (Morrison et al., 2022; Swart et al., 2023).

5. Conclusion
Estimation of both the structure and magnitude of wind stress curl or divergence improves when the combined 
impact of surface ocean velocity and SST gradients, or the synergy of current and thermal feedbacks, are consid-
ered. Conditional mean plots of wind stress curl and wind stress divergence illustrate that in the Southern Ocean, 
the two feedbacks constructively and destructively interact and jointly control anomalies in the wind fields at 
sub-mesoscale. Temporal variability of each feedback is tied to physical properties such as wind speed or air-sea 
temperature difference, or both, implying the underlying mechanical and thermodynamical mechanisms of 
wind-front interactions. The results presented in this study are based on an energetic domain that is relevant to 
other strong western boundary currents. Yet, the mechanism of wind-front interactions is generic and applies to 
other ocean regions with varied intensity. A more comprehensive quantification of the two feedbacks is indispen-
sable to constrain the calculation of air-sea fluxes and ocean surface properties. This study highlights the need for 
future observational endeavors with collocated measurements of surface currents, SST, and surface wind stress.
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Data Availability Statement
The coupled ocean-atmosphere simulation used in this study is accessible through: (a) any NASA Ames Super-
computer at ∼dmenemen/c1440_llc2160/; (b) xmitgcm: https://xmitgcm.readthedocs.io; (c) NASA Ames data 
portal: https://data.nas.nasa.gov/ecco/. Example calculation and plotting codes are here: https://doi.org/10.5281/
zenodo.8231130.
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