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ABSTRACT: Ocean surface currents introduce variations into the surface wind stress that can change the component of
the stress aligned with the thermal wind shear at fronts. This modifies the Ekman buoyancy flux, such that the current feed-
back on the stress tends to generate an effective flux of buoyancy and potential vorticity to the mixed layer. Scaling argu-
ments and idealized simulations resolving both mesoscale and submesoscale turbulence suggest that this pathway for air—
sea interaction can be important both locally at individual submesoscale fronts with strong surface currents—where it can
introduce equivalent advective heat fluxes exceeding several hundred watts per square meter—and in the spatial mean
where it reduces the integrated Ekman buoyancy flux by approximately 50%. The accompanying source of surface poten-
tial vorticity injection suggests that at some fronts the current feedback modification of the Ekman buoyancy flux may be
significant in terms of both submesoscale dynamics and boundary layer energetics, with an implied modification of symmet-
ric instability growth rates and dissipation that scales similarly to the energy lost through the negative wind work generated
by the current feedback. This provides an example of how the shift of dynamical regimes into the submesoscale may pro-

mote the importance of air—sea interaction mechanisms that differ from those most active at larger scale.
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1. Introduction

The mechanisms of air-sea interaction and coupling have
been the subject of extensive study at scales of 10-100 km in
the ocean mesoscale. Emerging from this work is a robust pic-
ture of the importance of air-sea interactions—where vari-
ability in ocean surface currents and sea surface temperature
drive variability in the atmosphere which then can feedback
on the ocean evolution through modifications to the surface
fluxes of heat and momentum (Seo et al. 2023). Interactions of
this type have been documented to be important across a wide
range of processes in both the atmosphere and the ocean: from
global climate variability such as El Nifio (Pacanowski 1987;
Luo et al. 2005), to basin-scale features such as the Gulf Stream
path and stability (Renault et al. 2016a, 2019a), and down to the
energetics of the ocean mesoscale eddy field, which holds the
majority of the kinetic energy of the general circulation (Dewar
and Flierl 1987; Ferrari and Wunsch 2009; Xu et al. 2016; Bishop
et al. 2020; Rai et al. 2021).

At the same time, over the last several decades it has also
become evident that the surface ocean is rich with variability
at the submesoscale, which is best defined dynamically as flows
with O(1) Richardson and Rossby numbers (generally found at
horizontal scales from 100 m to 10 km). Processes at these scales
are critical to both local ocean boundary layer dynamics and
biogeochemistry, and may play a significant role in regional, or
global, integrated air-sea heat fluxes, seasonal energetics of the
mesoscale, and pathways between the surface and interior
(Su et al. 2018; Wenegrat et al. 2018; Schubert et al. 2020;
Naveira Garabato et al. 2022; Taylor and Thompson 2023).
Likewise, many features of larger-scale ocean variability, such
as western boundary currents and mesoscale eddies, are now
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recognized to have embedded sharp fronts and other features
that fall in the submesoscale regime (Thomas et al. 2013;
Brannigan et al. 2017; Zhang and Qiu 2018). However, de-
spite the advances in understanding ocean circulation at the
submesoscale, the role of submesoscale variability in air-sea
interaction—and whether there are significant coupled inter-
actions at this scale—remains less established.

Prior work using numerical modeling and observations suggest
that some of the known physical pathways for air—sea interaction
at the ocean mesoscale are also likely active at the submesoscale.
This includes both thermal interactions, whereby variations in
surface temperature induce changes in surface winds (Wenegrat
and Arthur 2018; Shao et al. 2019; Sullivan et al. 2020), and the
modulation of surface momentum fluxes by ocean surface cur-
rents. This last mechanism in particular has been identified as im-
portant in ocean simulations, where inclusion of the surface
current feedback on the stress (CFB) introduces anticorrelations
between surface stress anomalies and surface currents that act as
a damping term in the kinetic energy equation (Duhaut and
Straub 2006). This “eddy-killing” effect has been demonstrated
to significantly modify the flux of kinetic energy between the me-
soscale and submesoscale, and from the submesoscale ocean to
the atmosphere (Renault et al. 2018). In this manuscript, how-
ever, the focus is on an alternate physical mechanism through
which the CFB can also affect ocean dynamics and energetics at
sharp fronts, through modifications of the cross-frontal advection
of buoyancy—a key driver of submesoscale variability.

Winds blowing parallel to fronts generate a cross-front trans-
port of buoyancy, termed the Ekman buoyancy flux (EBF;
Thomas and Ferrari 2008). The strong buoyancy gradients at
submesoscale fronts allow even moderate winds to generate
extremely large magnitude EBF, with observed values exceed-
ing the equivalent of an O(10000)W m~2 surface heat flux
(D’Asaro et al. 2011; Thomas et al. 2013). This advective flux
overwhelms surface heat fluxes between the atmosphere and
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ocean, and hence is a central component of the mixed layer
buoyancy budget at fronts (Johnson et al. 2020a,b). Further, the
EBF helps set the rate of the frictional surface flux of potential
vorticity (PV)—a dynamical tracer—with surface PV destruc-
tion leading to submesoscale frontogenesis, the emergence of
fast-growing symmetric instabilities, and the generation of ex-
tremely strong boundary layer turbulence (Thomas and Lee
2005; D’Asaro et al. 2011; Thomas et al. 2013). The purpose of
this manuscript is to document how the modulation of surface
momentum fluxes by ocean surface currents also introduces mod-
ulations of the EBF at submesoscale fronts, leading to an effec-
tive source of buoyancy and PV to the ocean mixed layer which
may alter the evolution of submesoscale fronts. This mechanism
is likely to be significant primarily in cases of submesoscale fronts
with strong surface currents, as are frequently seen within ener-
getic larger-scale features such as western boundary currents and
along the periphery of some mesoscale eddies.

The manuscript is structured as follows. In section 2 the basic
theory of how the current feedback on stress modifies the sur-
face Ekman buoyancy flux is introduced, along with scalings to
determine its importance relative to the standard formulation of
the EBF. In section 3 an idealized numerical model is intro-
duced and used to validate several of the scalings and establish
the quantitative effect. The potential importance of this mecha-
nism relative to other processes active at the submesoscale is
discussed in section 4, and results are summarized in section 5.

2. Current feedback on stress and the Ekman
buoyancy flux

a. Current feedback on stress

The origin of the CFB is evident through a simple kinematic
consideration of the surface stress, which is a function of the
wind speed relative to the surface ocean currents. When the sur-
face current flows in the same direction as the wind, the relative
wind speed (the difference in speed between the atmosphere
and ocean) is reduced, reducing the surface stress. In contrast,
when wind and currents are in opposing directions the relative
wind speed is increased, and the surface stress is enhanced. The
bulk surface stress incorporating this effect can be written as

T = p,c U, —u (U, —u,), 1)

where p, is the density of air, ¢, is the surface drag coefficient,
U, is the surface wind vector, and u,, is the surface ocean cur-
rent vector. From this a stress anomaly due to the CFB can be
defined as

7 =7-p,.,lUJU,, ?2)
ad e e

T

where 7 is the standard bulk stress defined using the Earth-
relative wind vector. The total wind stress thus consists of a
portion due solely to the winds, and an anomaly term due to
the CFB.

It is also useful to develop approximate versions of (1) and (2)
by noting that generally |u,| << |U,|, such that terms that are
quadratic in the ocean surface velocity can be neglected
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(Bye 1985; Rooth and Xie 1992; Duhaut and Straub 2006;
Renault et al. 2017)

T pacd|Ua|Ua - 2paCd|Ua||u()|e’ (3)

where e = cosfi + 0.5sin6j, with (i, j) defining an orthonormal
basis where i is aligned with the direction of the surface wind,
and 0 is the angle between the surface wind and surface currents.
Renault et al. (2017, their supplementary information) show that
the angle between the surface current and e cannot exceed 19.5°,
such that u,|e =~ |e|u,. It can further be assumed that—when con-
sidering mesoscale and submesoscale surface currents—6 has a
uniform random distribution' such that the surface stress anom-
aly can be approximated as (Renault et al. 2017)

, 3
7~ ~p,clU,Ju,, o)

In the following discussion 7 is referred to as the background
wind stress, and 7 as the anomaly due to the CFB. Note, how-
ever, that while the approximate form of the stress, (4), is
used in scaling arguments and for conceptual discussion, cal-
culations involving the numerical model rely on the full sur-
face stress (1), or stress anomaly (2), without approximation.
Importantly, it can be clearly seen from (4) that the CFB-
induced stress anomaly acts to oppose surface currents, such
that it acts as a sink of kinetic energy through the surface
wind work term—the eddy-killing effect of the CFB. It is
shown below that this alignment of the stress anomaly with
the surface currents also has dynamical and energetic conse-
quences for submesoscale flows through the Ekman transport
of buoyancy.

b. Ekman buoyancy flux

At fronts, winds generate an advective flux of buoyancy, de-
fined as (Thomas and Ferrari 2008)

TXAk.

pof

where p,, is the density of seawater, b is the buoyancy, and V,,
is the horizontal gradient operator. This can also be directly re-
lated to the wind-driven component of the surface PV flux,
which goes as Jwinp =~ fEBF/h, where £ is the depth of the
well-mixed portion of the surface boundary layer (Thomas and
Ferrari 2008; Wenegrat et al. 2018). When the winds are ori-
ented in the “upfront” direction (opposing the surface thermal
wind shear) the transport is toward the dense side of the front,
acting as a buoyancy and PV source to the mixed layer. In con-
trast “downfront” winds in the direction of the surface thermal
wind shear transport dense water over light, driving turbulent
mixing and destroying PV.

Expanding the definition of the EBF using the wind stress given
by (1) and (2) shows how the CFB can modify the surface EBF

EBF = v,b, )

! This assumption is taken only for conceptual simplicity and is

not strictly necessary as le| = 1/24/1 + 3 cos(O)2 such that it is al-

ways on the interval (0.5, 1) (Renault et al. 2017).
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The strength of the CFB effect on EBF can be estimated us-
ing (4),

3p,
~ _(,;l)|Ua||uo||Vhb|cos¢, (7

where ¢ is the angle between the surface currents and the sur-
face thermal wind shear.

Equation (7) indicates that the CFB may generate significant
buoyancy—and PV—fluxes in the presence of strong surface cur-
rents aligned with sharp fronts. For illustration, posing this as an
effective Ekman heat flux (EHF = p,c,,” 'g”'EBF, where c,, is
the specific heat of seawater and « is the thermal expansion coeffi-
cient) shows that the CFB can generate equivalent advective heat
fluxes of O(1000) W m™? at strong submesoscale fronts [using val-
ues observed in the Kuroshio by D’Asaro et al. (2011), where
[UJ ~10ms ™!, ju ~1 ms™', and |V,b| ~ 1075 s™2]. Below it is
argued that the frequent alignment of surface currents and surface
thermal wind shear implies that the CFB will generally reduce the
downfront component of the surface wind stress, acting to generate
an effective source of buoyancy—and PV—to the mixed layer.

Finally, to further contextualize the importance of the CFB
on EBF it is useful to compare the anomaly term to the stan-
dard formulation, which considers only the Earth-relative
wind speed. The ratio of the two is given by

EBE, U, cos¢ ®)
EBF_ U, cosy’

where U, and U, respectively scale the magnitude of the
surface current and winds, and ¢ is the angle between the
wind and the surface thermal wind shear. This ratio also
scales the relative importance of the CFB to background
wind-driven PV fluxes. Notably, (8) does not depend di-
rectly on the strength of the buoyancy gradient, and instead
depends only on the relative magnitudes of the surface cur-
rent and wind speed, and their alignment with the front.
Generally, the ratio of the velocity magnitudes will be small,
although not always negligibly so in cases of weak or mod-
erate winds and strong surface flows. However, despite this,
the tendency of surface currents to align with fronts (i.e., for
¢ to be small) allows the CFB contribution to play an impor-
tant role in cases where winds and fronts are not aligned, or
when integrating across many fronts where EBF; is of alter-
nating sign (such that [, cosiydA =~ 0).

3. Results from numerical simulations
a. Description of simulations

Numerical simulations were performed using the Coastal and
Regional Ocean Community (CROCO) model (Auclair et al.
2022). The domain was configured as an idealized reentrant
channel, with 500-km length in the periodic x direction, 2000 km
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in the y direction (bounded by free-slip walls), and a uniform
depth of 4000 m. The vertical direction was discretized with
100 stretched vertical levels, with near-surface resolution of
Az = 3.6 m, and the K-profile parameterization was used for
the turbulence closure (KPP; Large et al. 1994). Existing turbu-
lence closures are known to not accurately represent all path-
ways for the generation of turbulence at fronts (Bachman et al.
2017; Chor et al. 2022); however, exploration of the sensitivity
of results to the choice of turbulence closures is beyond the
scope of the present work.

The flow was initialized in geostrophic balance, with a baro-
clinically unstable horizontal buoyancy gradient [a detailed
description of the initial frontal configuration can be found in
Soufflet et al. (2016)]. An alternate configuration with an im-
posed initial mixed layer was tested and found to not qualita-
tively alter the results. The simulation was first allowed to
evolve with no surface forcing for 360 days at mesoscale re-
solving resolution (Ax = Ay = 2 km), during which time the
temperature front was maintained by relaxation toward the
initial condition. At the end of the 360-day spinup period
there is an active field of mesoscale eddies, and the eddy
kinetic energy has reached a quasi-steady state. The simula-
tion was then restarted at submesoscale permitting resolution
(Ax = Ay = 500 m), without relaxation, allowing the rapid
growth of submesoscale mixed layer instabilities, characterized
by O(1) Rossby numbers (Fig. 1). It is computationally prohibi-
tive to run a domain of this size at sufficient resolution to di-
rectly resolve symmetric instabilities (SI), hence some of the
discussion around the potential impacts of the CFB on bound-
ary layer energetics are posed as hypotheses in section 4.

The high-resolution simulation was forced by a uniform
surface heat loss of 25 W m™~? (unless otherwise noted) and a
moderate surface wind of [U,| = 7 m s~ ! oriented toward the
northeast direction. The surface stress was calculated using
(1) with a constant drag coefficient of c; = 107>, This simpli-
fied calculation of the surface stress isolates only the direct ef-
fect of the surface currents on the wind stress, and does not
include other air—sea interaction mechanisms such as thermal
feedbacks on the wind or drag coefficient, or the response of
the winds to the CFB modifications in stress. This last mecha-
nism in particular will tend to counter the CFB, as the reduc-
tion of surface stress due to the CFB can generate a partially
compensating increase in surface winds (Renault et al.
2016b). This effect can be parameterized in uncoupled models
by writing the relative wind vector as U, — (1 — s,,)u, such
that s,, > 0 accounts for the increase of the wind speed due to
the CFB (Renault et al. 2016b). Noting that the perturbation
stress is approximately linear in the surface current it follows
that the magnitude of EBF_, would also be reduced by a fac-
tor of approximately (1 — s,) (as would other CFB effects
such as the modification of the surface wind work). Estimates
from a coupled global mesoscale resolving simulation suggest
sw = 0 — 0.5, with a global mean value of s,, ~ 0.3 (Renault
et al. 2019b). However, it is not currently clear whether this
value is representative of this effect at the submesoscale—where
the small horizontal length scales limit the ability of the atmo-
spheric boundary layer to respond locally (Wenegrat and
Arthur 2018)—and so this effect is not directly estimated here.
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FI1G. 1. (left) Sea surface temperature, (center) surface relative vorticity normalized by the Coriolis frequency, and (right) the zonal com-
ponent of the wind stress anomaly introduced by the current feedback normalized by the standard Earth-relative formulation of the zonal
wind stress. The ocean surface velocity field imprints on the surface wind stress via the CFB mechanism, introducing correlations between
surface currents, horizontal buoyancy gradients, and wind stress. The background wind stress direction is indicated by the gray arrow. All

fields are shown on day 385 (25 days after restart).

A high-resolution control simulation was also performed with-
out the CFB (referred to as run “No-CFB” throughout), such
that the total wind stress is given by 7 in Eq. (2).

Before discussing the EBF it is useful to first note several dif-
ferences between the simulation with the CFB and the No-CFB
control simulation without, although it is not implied these
changes are solely attributable to changes in the EBF. Both simu-
lations have kinetic energy spectral slope shallower than k2
through the submesoscale (Fig. 2), consistent with realistic mod-
els and observations (Capet et al. 2008; Callies et al. 2015; Qiu
et al. 2017; Soares et al. 2022). The amount of kinetic energy in
the submesoscale is, however, reduced by approximately 15% in
the CFB simulation. This tendency of the CFB to weaken the
submesoscale is also reflected in the vorticity, divergence, and

strain distributions (Fig. 3), which in each case show shifts toward
zero in the distributions for the simulation run with the CFB. The
surface vorticity in the CFB run shows considerably less negative
values of vertical vorticity. Many of these features are also consis-
tent with prior realistic simulations with the CFB; however, an
advantage of the idealized setup used here is that because both
the CFB and No-CFB simulations are started from a common
spinup run—and only run for 30 days of simulation time—the
mesoscale and larger flow remains relatively constant between
the two runs with changes primarily in the emerging small scales.
This acts to isolate changes at the submesoscale, in contrast to
longer integrations where changes to the larger-scale circulation
can generate indirect changes to the small-scale flow, in addition
to the direct effects of the CFB (Renault et al. 2018).
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FIG. 2. (top) Isotropic power spectral density of the surface kinetic energy averaged over days
380-390, comparing the run with the current feedback on stress (CFB) to the run without
(No-CFB). Example k=2 and k> spectral slopes are indicated by the dash—dot lines. (bottom)
The cumulative spectral integral (integrated from high to low wavenumber).

b. Validation of approximate forms surface stress, e.g., (2). Variance around the 1-1 line is gener-

The numerical model is used to validate two of the approxi- ally small, and reflects the joint contributions of the assump-
mations given in section 2, as shown in Fig. 4. First is the ap- tions that terms that are quadratic in the surface current are
proximate form of 7/, given in Eq (4), which is compared to small, alignment of e and u,, and that the angle of surface cur-
the exact calculation formed by subtracting 7 from the full rents relative to the wind has a uniform random distribution.
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FIG. 3. (left) Histograms of the surface vertical vorticity, (center) surface horizontal divergence, and (right) surface strain comparing the
simulation with the current feedback (CFB, blue) to the simulation run using only the Earth-relative surface wind stress (No-CFB,
orange). In each plot the distributions are normalized by the peak value in the distribution of simulation CFB, the x axis is normalized by
the Coriolis frequency, and data covers the last 5 days of simulation time.
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FIG. 4. Comparison of numerical results with approximate forms from section 2. (left) CFB induced stress anomaly,
normalized by the standard bulk stress calculated using Earth-relative wind speeds. Both zonal and meridional com-
ponents are included. (right) CFB induced Ekman buoyancy flux anomaly. In both panels the color scale shows the
relative frequency of occurrence over simulation days 365-390 (normalized such that the sum of all bins is one), and

the 1-1 line is indicated in white.

Equation (4) thus provides a useful scaling of the strength of
the CFB effect on the surface stress. The approximate form of
the EBE,, given by (7) likewise is able to reasonably approxi-
mate the true values, a result that follows from it adding no
additional assumptions beyond the approximate form of the
stress. Errors in the approximate form increase at extreme
values of EBE,,, likely due to these values being controlled by
just a few individual fronts such that the assumption used in
deriving (4) of a uniform random distribution between surface
currents and wind direction does not hold. The tendency of
EBF_, to be negative (oriented downward such that it is a
source in the mixed layer budget) is also evident and is dis-
cussed further below.

c¢. Changes to the Ekman buoyancy flux

A snapshot of the Ekman buoyancy flux is shown in
Fig. 5, with units given as an equivalent heat flux for illus-
trative purposes. Values in this simulation reach extremes
of O(+ 1000) W m™2, again emphasizing how at fronts these
terms can exceed typical air-sea buoyancy fluxes. The scal-
ing for the CFB-induced EBF relative to the background
EBF, (8), highlights two particular frontal configurations
where EBE, may be significant locally at fronts. The first is
the case of winds and fronts that are not aligned, as
highlighted in the top row of Fig. 5. Here the winds are blowing
in a direction aligned with the surface buoyancy gradient (across-
front winds), but the CFB effect contributes as much as 360 W m ™2
of effective downward heat flux into the mixed layer through
the cross-frontal Ekman transport of buoyancy. This will act to
restratify the front, and hence may suppress frontogenesis and
the development of submesoscale instabilities through the as-
sociated surface PV injection. The other frontal configuration
where scalings suggest significant contributions from EBE, is
the case of strong surface velocities, as shown in the bottom
row of Fig. 5. Here the strong flow due to the large-scale

meandering of the jet leads to large surface velocities (~1 ms™ ")
that significantly reduce the stress. This acts as an effective source
of downward EBF to the mixed layer, reducing the EBF due to
downfront winds by approximately 25% (an effective change in
the equivalent Ekman heat flux of approximately 200 W m™2).
For this front the net EBF remains positive, representing a loss
of buoyancy and PV at the surface; however, as boundary
layer properties such as the turbulent dissipation generated by
symmetric instability are sensitive to the magnitude of this flux
(Taylor and Ferrari 2010), the CFB contribution may be signif-
icant to the net rate of energy extracted from the geostrophic
flow by downfront winds (section 4).

The distribution of all values of EBF, is shown in Fig. 6. Val-
ues range from approximately —1000 to 250 W m ™2, with a
peak around O that reflects the spatial intermittency of fronts.
The largest values are associated with those regions with both
strong fronts and strong surface currents, where from (8) the
stress anomaly term can contribute significantly to the total
EBF (note many regions where |7{/7 | = 0.3 in Fig. 1). The dis-
tribution of EBE,, is negatively skewed (a pattern which is also
evident in the predominantly negative values in the right col-
umns of Figs. 4 and 5). From (7) the sign of the perturbation
EBF is set by the relative orientation of surface currents and
fronts, with negative values resulting from surface currents that
are in the direction of the thermal wind shear (|¢| < m/2). The
joint distribution of thermal wind shear and surface current di-
rections is plotted in Fig. 6, indicating that they are largely
parallel.

To what extent is this a general feature in the ocean? A heu-
ristic argument can be made by noting that many ocean fronts
result from frontogenesis by the surface strain field, leading to
alignment of fronts and streamlines, and that these fronts in
turn act to help set the direction of the surface flow through
their thermal wind shear (Elipot and Wenegrat 2021). Indeed
the general principle of the alignment of fronts and surface flows
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FIG. 5. (left) The Ekman buoyancy flux from the numerical model on day 385 (25 days after restart), along with (center) two zoomed-in
regions of the background EBF;. and (right) the current feedback on stress induced anomaly EBF . The color scale is normalized to units
of equivalent surface heat flux for illustrative purposes. Contours of surface temperature (thin gray lines), with 1°C intervals, are also
shown to indicate frontal orientation (see also Fig. 1). The zoom regions are 100 km X 125 km in the x and y directions, respectively, and

a scale bar is shown.

underpins some operational surface current retrieval algorithms
(Isern-Fontanet et al. 2017). A more formal connection can be
made via the relationship between the surface buoyancy and
the geostrophic streamfunction in quasigeostrophic dynamics,
where in the specific case of surface quasigeostrophic (SQG)
flows the surface buoyancy defines the streamfunction such that
fronts and surface currents are identically aligned (Lapeyre
2017). Variants of the SQG model show skill at reproducing sur-
face currents in models and observations (Klein et al. 2008;
Gonzalez-Haro and Isern-Fontanet 2014; Gonzalez-Haro et al.
2020; Miracca-Lage et al. 2022), although observed kinetic en-
ergy spectra are generally inconsistent with SQG predictions
(Callies and Ferrari 2013; Chereskin et al. 2019; Soares et al.
2022). In more dynamically complex settings, for instance lay-
ered quasigeostrophic models that approximate the presence of
a surface mixed layer, the total surface flow is a horizontal-
scale-dependent function of buoyancy anomalies at multiple lev-
els (Callies et al. 2016).

These results suggest an interpretation of EBF , as primarily
acting as a source term (in buoyancy and PV) to the mixed
layer, and it is straightforward to further simplify both (7) and
(8) using an assumption of ¢ = 0. However, it can also be seen
that there are some regions where the surface flow opposes the
surface thermal wind shear (¢ ~ =), flipping the sign of
EBE, (Figs. 5 and 6). These cases tend to occur in this simula-
tion as a result of the strong eastward jet, which when superim-
posed on weaker baroclinic shear flows can cause the total
surface velocity (jet plus eddy contributions) to oppose the
thermal wind shear in some places. These instances are associ-
ated both with weaker fronts (where the thermal wind contri-
bution to the flow is smaller), and with smaller velocities as the
jet and thermal wind flows oppose each other in the total sur-
face current. These factors both act to lower the magnitude of
EBF,, (Fig. 6), limiting the impact of these events (cf. for in-
stance regions of positive versus negative EBE,, in Fig. 5),
such that the occurrences of positive EBF_, contribute only
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FIG. 6. (left) Distribution of the perturbation Ekman buoyancy flux, EBF,,, with units given as an equivalent heat
flux. (right) Joint distribution of the surface thermal wind shear direction (front direction) and the angle of the total
surface currents. Angles are defined using the standard trigonometric convention. Cases of surface currents aligned
with the surface thermal wind shear (¢ = 0), and opposing the surface thermal wind shear (¢ = *r), are indicated by

the dashed white lines.

about 20% to the total sum. As such, the remainder of this
manuscript focuses largely on the case where ¢ ~ 0 such that
EBE, <0.

The covariability between surface currents and fronts (e.g.,
Fig. 6) suggests that even weak surface currents may have area-
integrated effects through the CFB. The best studied example
of this is the so-called eddy-killing effect, which can be seen in
Fig. 7 which provides a zoomed in view of a single cyclonic
eddy. The CFB induces stress anomalies that are anticorrelated
with the surface currents, creating negative wind-work that
drains eddy kinetic energy. However, it can also be seen that in
this case the cold-core eddy is associated with a buoyancy gradi-
ent that is positively correlated with the stress anomaly (shown
in Fig. 7 in terms of the meridional gradient relevant to the
zonal stress anomaly, although both zonal and meridional com-
ponents show a similar pattern). This pattern of covariability
between 7 and Vb indicates that EBF, <0 when integrated
across an eddy, in this case equivalent to an approximately
—10 W m™? surface heat flux. The mean EBF:; over the eddy is
about an order of magnitude smaller.

Integrating over larger areas likewise indicates a significant
reduction of the total EBF by EBF, (Fig. 8). Over the whole
frontal zone the total EBF is equivalent to an effective surface
heat flux of 5-10 W m™2, acting to cool the surface mixed
layer, although these specific values are a function of the im-
posed mean wind and large-scale buoyancy gradient and
hence cannot be generalized from these idealized simulations.
More important is, however, the reduction of the area-
integrated EBF by approximately 50% due to the CFB—a
result that is predicted by (8) and the observed tendency for
surface currents to be aligned with fronts. Similar results hold
both within the center of the jet, where the flow is dominated
by strong mesoscale features with large surface currents,
and on the jet flanks where the fronts and flow are weaker
and more isotropic (Fig. 8). In both cases the CFB reduces

the area-integrated EBF, although this effect is less pro-
nounced in the weaker-front region, consistent with the de-
pendence of (8) on the strength of the surface currents. That
these changes between the CFB and No-CFB runs in each
case are due to EBE,, was confirmed by calculation of the in-
tegrated EBF_ from the CFB simulation, which also closely
follows the No-CFB simulation (not shown), indicating there
are not significant changes to the larger-scale mean horizontal
buoyancy gradients between these runs.

d. Changes to the potential vorticity

Finally, beyond the mixed layer buoyancy budget, the EBF
also affects the surface flux of Ertel PV, which exerts strong dy-
namical controls on ocean circulation, both locally in the bound-
ary layer (Taylor and Ferrari 2010), and on the large-scale
circulation as water masses are subducted into the interior
(Marshall et al. 2001; Wenegrat et al. 2018). The connection be-
tween the EBF and surface PV flux at individual fronts is well
established (Thomas and Ferrari 2008), and is thus not reiter-
ated here other than to note that the changes in EBF by EBF ,
shown in Fig. 5 can also be interpreted directly in terms of a re-
duction of PV destruction by the EBF [see also Chen et al.
(2022), who found a reduction in PV destruction in a simulation
of a single submesoscale eddy that may be explained by the
mechanism discussed here]. Here it is noted that the cumulative
effect of this reduction appears in the volume-integrated PV bud-
get of these simulations (Fig. 9). In both the CFB and No-CFB
cases PV is destroyed, largely due to the imposed surface heat
loss which is approximately 5 times larger for this simulation con-
figuration than the mean Ekman heat flux (Fig. 8). However, the
rate of PV destruction is reduced by approximately 15% when
the CFB is included (this value includes the effect of the surface
heat flux in the denominator). The CFB thus acts as an effective
source of PV in these simulations (Fig. 9, bottom panel).
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FIG. 7. Zoomed in region highlighting a single submesoscale cyclonic eddy in terms of (from left to right) surface relative vorticity nor-

malized by the Coriolis frequency, zonal surface current, zonal component of the stress anomaly, and the meridional buoyancy gradient.
Anticorrelations between surface currents and wind stress anomalies give rise to negative wind work (eddy-killing effect), whereas correla-
tions between stress anomalies and buoyancy gradients are associated with a negative Ekman buoyancy flux that acts as a source of buoy-

ancy in the mixed layer budget.

Simulations run with no surface buoyancy flux (CFB and
No-CFB) are also shown for comparison (Fig. 9, dashed lines).
The net evolution of the PV in this case is different, as expected
without the strong (relative to the mean EBF) surface buoyancy
loss acting to destroy PV. Notably without a surface buoyancy
loss there is a net injection of PV in the case with the CFB,
whereas the No-CFB case has a near-zero change over the
simulation period. However, despite the differences in PV
evolution, the change in the PV between CFB and No-CFB

cases is very similar across the configurations with and without
surface buoyancy fluxes (Fig. 9, bottom panel). This effective
PV injection by the CFB is consistent in sign and magnitude
with the mean PV flux implied by EBF_ which can be very
roughly estimated as JEBFT, ~ fEBF,,/h such that the change in
volume-averaged PV over the 30-day simulation period goes as
Agpgp ~ —Jggp At/Az ~ 2.7 X 10""s™3 (using EBF_ equiva-
lent to a —5 W m 2 heat flux, an average mixed layer depth of
45 m in the frontal zone, and a At of 30 days and Az of 500 m for

Ekman heat flux
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FIG. 8. (left) Magnitude of the surface horizontal buoyancy gradient on day 385 (25 days after restart), (right) along
with (top) the spatial mean Ekman heat flux over the full frontal region (for y = [400, 1600 km]), (middle) a region of
strong fronts (for y = [950, 1100 km]), and (bottom) a region of weaker fronts (for y = [475, 625 km]). The simulation
run with the current feedback (CFB, solid blue line) can be compared to a simulation run with the standard Earth-
relative formulation of the surface stress (NO-CFB, orange dashed line).
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PV relative to the PV on day 361 immediately following the simu-
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(solid orange). (bottom) The difference in between the runs with
and without the CFB. Results of a simulation run with no surface
buoyancy flux are also shown (dashed lines in each subplot) for
comparison.

comparison with the cumulative change in Fig. 9, bottom panel).
This estimate is similar to the actual volume-integrated PV
change due to the CFB in both simulations; however, a more
complete attribution to EBF,, would require disentangling sev-
eral mechanisms, and hence is beyond the scope of the present
work (see discussion in section 4). Regardless, the changes in
EBF and PV documented here suggest the CFB may be impor-
tant in the PV budget both locally at fronts with strong surface
currents or in cases of cross-frontal winds, and when considering
the integrated contributions over many submesoscale fronts.

4. Discussion

The idealized simulations considered here are designed to
provide a simple illustration of the direct effect of the CFB on
the EBF. However, they are also associated with a number of
limitations—specifically in resolution and realism—that do
not allow quantification of a number of additional aspects of
how the CFB effect on EBF may be important for submeso-
scale dynamics and energetics. Several of these other mech-
anisms, and challenges for disentangling their effects, are
discussed here.

Perhaps the most important limitation of the simulations
considered in this manuscript is that they are not sufficiently
high-resolution to permit symmetric instabilities, such that the
direct energetic effects of EBE,, in the simulations cannot be
usefully quantified. However, the reduction in surface EBF by
the CFB is expected to affect symmetric modes in two ways.
First, as shown above, the EBE, acts primarily as a source
term in the PV budget, which will tend to suppress the emer-
gence of symmetric instabilities, potentially reducing the fre-
quency of their occurrence. The net effect of this will vary
depending on the forcing and how close to marginally stable
to SI the fronts are, and cannot be estimated a priori. Second,
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in the case of fronts where the net EBF remains positive (i.e.,
wind-driven PV destruction), the CFB will modify the magni-
tude of the energy extracted from the balanced flow through
the geostrophic shear production (GSP) which scales with the
EBF (Taylor and Ferrari 2010; Thomas et al. 2013). This en-
ergy is ultimately cascaded forward to turbulence (Chor et al.
2022), and hence the CFB is expected to act to reduce the SI-
enhancement of turbulent dissipation by an amount

7 h 3 p"
GSP’ ~ EBFT, E ~ _chdan”uo”Aug" (9)

where the overline indicates a vertical integral over the mixed
layer of depth h, |Au,| = A|V,b/f| is the magnitude of the
change in geostrophic velocity over the mixed layer and it is
assumed ¢ = 0. For the observations of symmetric instability
along the Kuroshio discussed in section 2 (D’Asaro et al. 2011),
the strong surface currents (ju,| =~ 1.5 m s~') and modest winds
(U] = 10 m s™") imply that EBE, could reduce the vertically
integrated turbulent dissipation rate by O(10°)W mkg !,
about 15% of the total.

The CFB modification of the EBF may therefore act to re-
duce the rate of energy flux from the balanced flow to the sub-
mesoscale and dissipation, both through PV injection—which
will reduce the frequency of symmetric instability—and through
a direct modification of the growth rates via the change in EBF.
This reduction of shear production and dissipation by SI can be
compared to the loss of energy through the CFB wind-work
anomaly, which goes as p, '7’ -u, ~ —(3/2)p; ' p,c,IU,llu, . Tt is
therefore anticipated that even in SI unstable conditions, the
CFB will slow the instability growth rate through both a reduc-
tion in the GSP and the generation of negative wind-work, with
relative contributions dependent on the ratio of |Auy|/|u,|.

Aside from the limitations of resolution, it is also worth
highlighting the challenge—even in these relatively simple nu-
merical experiments—of definitively partitioning the observed
changes in the submesoscale (see for instance Figs. 2 and 3)
across the various processes affected by the CFB. An illustrative
example of this challenge comes from considering the change in
PV between the CFB and No-CFB runs (Fig. 9), which will be
affected both by the EBE,, and by changes to the strength
of the turbulent thermal wind (TTW) secondary circulations
driven by the mixing of geostrophic momentum at fronts
(Wenegrat and McPhaden 2016; McWilliams 2017). The PV fluxes
associated with the TTW flow depends on |V,,b* (Wenegrat et al.
2018), and therefore may be sensitive to changes in the strength of
submesoscale fronts introduced by the CFB, including changes
forced directly by the EBF,, as well as those resulting from the
reduction of mesoscale and submesoscale eddy kinetic energy
by the surface wind work. Direct diagnosis of the relative contri-
butions of changes in the EBF and TTW PV flux are con-
founded by both appearing in the PV budget via the same
frictional flux terms, such that disentangling the mechanisms
may require the design of more sophisticated numerical experi-
ments than simple comparisons of runs with and without the
CFB.

Finally, despite this challenge it is, however, worth noting
that the simulations used here show a very slight reduction of
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the magnitude of the horizontal buoyancy gradients in the
CFB run (approximately 5%). This implies a reduction of
TTW PV injection in the CFB case that is inconsistent with
the observed increase in PV of the simulations with the CFB
relative to No-CFB (Fig. 9), whereas the sign of the mean
EBE, is of the correct sense to inject PV. The balance of
these terms—particularly in realistic settings where models
show that weakening of the mesoscale circulation by the CFB
can lead to significant increases in baroclinic conversion of
available potential energy by the submesoscale (Renault et al.
2018)—is not easily predicted. Given the interdependence of
various dynamical properties of the submesoscale (including
eddy buoyancy fluxes, TTW circulation, and the EBF) on
common parameters such as the strength of the horizontal
buoyancy gradients, future work should consider both direct
and indirect pathways for air—sea interaction and coupling at
the submesoscale.

5. Summary

In this manuscript a mechanism for the current feedback on
the surface wind stress to affect submesoscale ocean fronts is
identified through the Ekman buoyancy flux. Scaling argu-
ments suggest that the CFB effect on the EBF can be signifi-
cant in cases of strong surface currents, or cross-frontal winds,
with examples from a numerical simulation showing approxi-
mately 25% changes in the local EBF due to the CFB. Impor-
tantly, this term acts primarily as a source of buoyancy to the
mixed layer, or equivalently it acts to inject PV. This allows
for even relatively modest changes to the EBF at individual
fronts to contribute a significant change to the area-integral,
reaching an approximately 50% reduction in the integrated
EBF in the simulation shown here. Considering the CFB
modification of the EBF may therefore be important to un-
derstanding the mixed layer buoyancy budget at both individ-
ual fronts in some cases, and when considering the integrated
effects of the horizontal transport.

These changes can furthermore be directly related to changes
in the frictional flux of PV, a key determinant of submesoscale
mixed layer dynamics. The CFB is speculated to reduce both
the frequency of occurrence of submesoscale symmetric instabil-
ities, and the rate at which they extract and dissipate energy
from the geostrophic flow field. Scaling arguments suggest that
this mechanism may have energetic effects that are similar in
magnitude to the effects of the CFB on the surface wind-work,
and hence should be considered when looking at the energetic
effects of the current feedback at submesoscale fronts. These ef-
fects may be particularly important in considering PV and buoy-
ancy fluxes associated with submesoscale fronts embedded in
more energetic mesoscale features, where the surface currents
can be large. Examples of this occur frequently in mesoscale ed-
dies, coastal fronts, and western boundary currents (Brannigan
et al. 2017; D’Asaro et al. 2011; Zhang and Qiu 2018; Wenegrat
et al. 2020).

The transition from the ocean mesoscale to the submeso-
scale is not just a change in length scale, but rather represents
a change in dynamical regimes (Taylor and Thompson 2023).
This indicates the possibility that other physical mechanisms
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of air—sea interaction may be active at these scales, an exam-
ple of which is the CFB modification of the EBF explored in
this manuscript. However, disentangling the direct effects of
the change of EBF versus other mechanisms emerging from
the CFB on stress is challenging, even in the idealized numeri-
cal setup employed here. Further challenging is the potential
importance of indirect effects (for instance the effect of the
CFB on the TTW circulation and associated PV injection),
which may have common parameter dependencies. Progress
on the understanding of submesoscale air-sea interaction will
be aided by consideration of the interplay of both direct and
indirect effects of air—sea interaction processes, and how these
might change in the dynamical transition from mesoscale to
submesoscale.
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