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ABSTRACT

Submesoscale dynamics, with horizontal scales of O.1�10/ km, are ubiquitous in the sur-

face ocean. Recent observations and simulations reveal enhanced sea surface temperature

and velocity gradients at these scales, with sharpened buoyancy fronts attracting particular

attention for their potential of energy transfer to link large-scale energy reservoirs to the

small scales where dissipation occurs. This thesis addresses the following questions: How

do the ocean and atmosphere interact at submesoscale? To what extent can balanced dyna-

mics be applied to interpret submesoscale variability, and, given that, how well do balanced

frameworks represent energy transfer at submesoscale fronts?

Air�sea interaction has been extensively studied at mesoscale, O.100/ km, but remains less

well quanti�ed at submesoscale. Mesoscale sea surface temperature and vorticity imprint

their own spatial structure on wind stress gradients through thermal and current feedbacks

(TFB and CFB). These feedbacks have typically been assessed separately, with limited atten-

tion to their collocation and potential joint impacts. Atmospheric wind stress modi�cations

feed back on the ocean by altering surface vertical transports through Ekman dynamics. In

submesoscale-resolving air�sea coupled simulations, examining TFB and CFB jointly re-

veals their combined in�uence on surface wind stress. The coupled e�ect produces anoma-

lous wind stress curls an order of magnitude stronger than those at mesoscale. The resulting

nonlinear Ekman velocities from wind stress curl changes reach magnitudes roughly ten

times larger than at mesoscale, underscoring the potential importance of submesoscale air�

sea coupling for vertical exchange in the surface ocean.

The submesoscale range covers a transition from balanced to unbalanced motion as spa-

tial scales decrease. This transition scale is critical for understanding energy transfers and

tracer transport in the upper ocean, yet remains poorly constrained. Because balanced mo-

tions evolve on time scales much longer than Earth's rotation period, the temporal scale

of submesoscale motions can indicate their dynamical regime. Spatio-temporal analyses

in submesoscale-resolving simulations and surface mooring observations show that �ow-

following Lagrangian time scale of submesoscale �ow is much longer than that registered

by a �xed Eulerian observer, placing the transition to unbalanced dynamics at í1 km, much

shorter than suggested by Eulerian diagnostics. This implies that balanced theory remain

applicable to submesoscale motions down to O.1/ km.

Although balanced quasi-geostrophic (QG) and semi-geostrophic (SG) theories reproduce

submesoscale frontal development, the associated energy transfers under balanced condi-

tions are less well understood. We derive and assess the full kinetic energy budget in spec-

tral space and in physical space using coarse-graining for an isolated front in QG and SG

frameworks. A geostrophic strain �eld by itself is su�cient to produce forward transfer of

kinetic energy in QG frontogenesis. In SG, ageostrophic advection generates a dipole in
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energy transfer linked to the convergent�divergent surface �ow structure, but this balanced

ageostrophic circulation is too weak to overcome the dominant forward transfer from the

strain �eld. These results demonstrate that balanced dynamics can generate surface conver-

gence and drive downscale transfers, and that ageostrophic circulation is essential to produce

the asymmetry of energy �uxes at submesoscale fronts.
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C h a p t e r 1

INTRODUCTION

“In nature, nothing exists alone.”

�Rachel Carson, Silent Spring1

The evolution of Earth's climate system is shaped by an ongoing dialogue between the ocean

and the atmosphere. Their interactions begin across the oceanic and atmospheric boundary

layers at the air�sea interface. Winds blowing across the sea surface set ocean currents in

motion. Climate-critical tracers such as heat, carbon, and oxygen are exchanged back and

forth with the overlying air, setting the properties of surface waters, some of which are sub-

sequently subducted to depth and dispersed throughout the global ocean over timescales

ranging from decades to millennia. Through this continual exchange, the ocean absorbs ex-

cess heat and carbon from the atmosphere, moderating both present and future climate and

helping to sustain a habitable planet.

Like gradually clearing a fogged window, advances in observations and numerical simula-

tions have gradually revealed the ocean to us��rst from synoptic basin-scale circulations

to increasingly �ne structures (Fig. 1.1). As each newly resolved scale has come into fo-

cus, it has become clear that distinct dynamics and statistical properties operate at di�er-

ent scales, motivating scale-separated analyses. Our understanding of air�sea interactions

has evolved in parallel, shaped �rst by processes dominating at synoptic-scale circulations,

then re�ned with the recognition of O.100/ km mesoscale features, and now expanding into

the O.1�10/ km submesoscale regime. However, it is critical to remember that no matter

how di�erent these scales appear, the ocean still functions as an integrated system, with ex-

changes and energy transfers across scales essential for linking the di�erent scales together.

Early observations and theories portrayed the atmosphere�ocean interactions as largely one-

way, from air to sea. In the mid-1800s, Matthew Fontaine Maury used ship logbooks of

winds and currents to compile charts showing how winds drive ocean currents. Classical

frameworks of large-scale ocean circulation likewise depicted the ocean as a passive recip-

ient of atmospheric wind forcing. Ekman (1905) demonstrated that surface winds drag the

surface ocean2, inducing a transport of a surface water layer that, due to Earth's rotation,

occurs at a 90ý angle to the wind direction. This �Ekman transport,� under the highly vary-

ing surface wind stress, results in convergence or divergence of surface �ows. Convergence

1Rachel Carson, Silent Spring (Boston: Houghton Mi�in, 1962) (Carson, 1962)
2The surface wind stress is a body force acting per unit surface area of the surface ocean. It directly accel-

erates a very thin layer at the surface, creating strong vertical shear that are highly susceptible to instabilities
and turbulence (e.g., Wagner et al., 2023).
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Figure 1.1: Illustration of ocean surface vorticity characteristics from a 4-km numerical simulation
near the coast of California resolved at certain spatial scales: (a) synoptic scale (> 200 km), (b) me-
soscale (30 * 200 km), and (c) submesoscale (< 30 km). Increasing resolution reveals progressively
�ner structures. Note that the normalized vorticity with f represents the �ow Rossby number Ro.

causes surface water to pile up and downwell into the ocean interior, whereas divergence

draws interior water upward into the surface layer (Stern, 1965). This vertical exchange

forms the primary conduit through which surface winds communicate with the ocean inte-

rior and underpin theories of large-scale gyre circulation (Sverdrup, 1947; Stommel, 1948;

Rhines and Young, 1982). At the same basin scale, a negative correlation between surface

wind speed and sea surface temperature (SST) signals was identi�ed (Liu et al., 2000; Man-

tua et al., 1997; Okumura et al., 2001), consistent with atmosphere forcing the ocean, as

stronger winds enhance evaporation and cool the ocean surface (Small et al., 2008).

However, this atmospheric-dominant view of air�sea interactions is modi�ed with dyna-

mical understandings of mesoscale eddies. Mesoscale eddies are spiraling circulations in

the ocean that span O.100/ km horizontally and persist for several months (e.g., Chelton

et al., 2011b; Roemmich and Gilson, 2001; Seo et al., 2016). They were �rst discovered

observationally back in the 1930s by Columbus Iselin on cruises across the meandering

Gulf Stream (Cullen, 2005). Dynamical understandings of mesoscale eddies started in the

mid-20th century from intense ship-board surveys of the Gulf Stream (Fuglister and Wor-

thington, 1951). These mesoscale features are marked by distinct SST signatures (Hausmann

and Czaja, 2012; Seo et al., 2016), and the strong currents in mesoscale eddies contain í80%

of the total ocean's kinetic energy (Ferrari and Wunsch, 2009; Chelton et al., 2011b).

Diagnostics of air�sea processes con�ned to the mesoscale reveal relationships opposite to

those predicted by earlier basin-scale theories, pointing to a regime in which the ocean ac-

tively forces the atmosphere. One key aspect is the positive correlation between SST and

near-surface wind speed detected in satellite observations (Chelton et al., 2001; Liu et al.,

2000), termed the �thermal feedback (TFB).� When air �ows over an SST anomaly, tem-

perature and humidity di�erences arise between the sea surface and the overlying air, alter-

ing the stability of the marine atmospheric boundary layer (MABL) and modulating heat

exchange at the air�sea interface (Small et al., 2008; Hayes et al., 1989)3. Over warmer

3Another mechanism of wind speed change is through pressure adjustment. Heat and moisture exchanges in-
duce pressure anomalies in the MABL, which lead to pressure-driven secondary circulations in the atmospheric
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Figure 1.2: Illustration of SST and ocean surface vorticity e�ects on atmospheric wind stress. (a)
Advanced Very High Resolution Radiometer (AVHRR) SST on 26 October 2022 (Li et al., 2001). (b)
Ocean surface vorticity � normalized by the Coriolis parameter f on 26 October 2022, derived from
the DopplerScatt platform of the Sub-Mesoscale Ocean Dynamics Experiment (S-MODE) (Farrar
et al., 2025). Contours of AVHRR SST are overlaid. (c) Atmospheric surface wind stress magnitude
from DopplerScatt, with AVHRR SST contours overlaid. Wind stress vectors are shown as arrows.

waters, reduced atmospheric stability enhances turbulent �uctuations of heat, moisture, and

momentum, which transfer momentum from the upper boundary layer toward the surface,

strengthening the near-surface wind speed (Wallace et al., 1989; Gaube et al., 2019). Over

cooler waters, turbulence is more con�ned to the surface and winds weaken (Xie, 2004).

An example is shown with surface observations from the Sub-Mesoscale Ocean Dynamics

Experiment (S-MODE; Fig. 1.2c), in which surface wind stress increases as surface winds

�ow across an SST front from colder to warmer water. These SST-induced mesoscale wind

speed changes induce wind stress gradients in the rather uniform background atmospheric

wind �eld�expressed as wind stress curl and divergence (Fig. 1.3a,b)�which Chelton et al.

(2004, 2007, 2011b); O'Neill et al. (2012); Seo et al. (2016) quanti�ed in relation to direc-

tional SST gradients through linear coupling coe�cients.

boundary layer that alters the surface wind speed (Wai and Stage, 1989; Frenger et al., 2013).
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Figure 1.3: Illustration of TFB and CFB4. In (a, b), colored backgrounds show SST anomalies (blue:
cold; red: warm). Dark arrows indicate surface wind stress, with arrow length representing its mag-
nitude. (a) Over a downwind SST gradient (aligned with the wind), TFB generates an anomalous
wind stress divergence (( � �). (b) Over a crosswind SST gradient (perpendicular to the wind), TFB
generates an anomalous wind stress curl (( • �). (c) Over a negative surface ocean vorticity, CFB
produces a positive wind stress curl anomaly due to the relative motion between currents and winds.

The strong mesoscale ocean currents also play a signi�cant role in driving atmospheric

changes, a process referred to as �current feedback� (CFB). The stress that surface winds ex-

ert on the ocean depends on the relative velocity between near-surface winds Ua and surface

ocean currents Uo, which can be expressed using the bulk formula:

� = � aCd.Ua * U o/ðUa * U oð; (1.1)

in which � is the wind stress, �a is that density of air, CD is the drag coe�cients (e.g., Seo

et al., 2016; Renault et al., 2016b). Rotating mesoscale eddies are typically of much smaller

scales than variations in the atmospheric wind �eld, and therefore the air�sea velocity dif-

ference varies across the eddy: wind stress is enhanced on the side where ocean currents and

winds oppose each other, and reduced on the side where they move in the same direction

(Renault et al., 2016b, 2017). This produces a negative correlation between ocean surface

current vorticity and the surface wind stress curl, de�ned respectively as:

� =
)v
)x

*
)u
)y

; and ( • � =
)� y

)x
*

)� x

)y
: (1.2)

The di�erence in relative velocities across the mesoscale eddy leads to a positive�negative

dipole of di�erential wind work that averages to be negative (Fig. 1.3c). On average, through

CFB, atmospheric wind work input is reduced, damping oceanic kinetic energy on mesoscale

eddies by í 30~ (Renault et al., 2016b; Xu and Scott, 2008).

3In addition to the negative correlation between surface current vorticity � and wind stress curl, a negative
correlation also exists between ocean surface divergence and wind stress divergence due to current-induced
adjustments to the surface wind stress. This divergence correlation is absent at the oceanic mesoscale (Renault
et al., 2018), where the �ow is largely non-divergent, but emerges at the submesoscale where surface divergence
becomes signi�cant (Bai et al., 2023; Chen et al., 2022). Given the relevance of wind stress curl to Ekman
velocities in the ocean, this thesis analyzes CFB e�ects on wind stress divergence (Chapter 2) but focuses
primarily on interpreting wind stress curl.
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These interactions are termed �feedbacks� because once oceanic features imprint on atmo-

spheric wind �elds, the resulting atmospheric changes, in turn, alter upper-ocean dynamics.

One manifestation of this is through changes in near-surface vertical velocities. Follow-

ing Stern (1965), Ekman-driven vertical velocities consist of two components. Small-scale

wind stress gradients from CFB and TFB produce �linear Ekman velocities� (McGillicuddy

et al., 2007; Gaube et al., 2015), while the feedbacks' direct modi�cation of wind stress in-

teracts with surface ocean vorticity gradients and generates �nonlinear Ekman velocities�

(McGillicuddy et al., 2007; Stern, 1965; Wenegrat and Thomas, 2017). A global satellite-

based survey by Gaube et al. (2015) found that CFB-driven linear and total nonlinear Ekman

velocities dominate the overall Ekman vertical velocity �eld, except in energetic western

boundary currents where TFB linear contributions are comparably strong. The magnitudes

of these feedback-driven vertical velocities are typically O.10/ cm day*1 .

The role of the ocean in driving atmospheric variability, which in turn induces vertical mo-

tions in the surface ocean, has been well established at the mesoscale, but remains less un-

derstood at the submesoscale (O.1�10/ km, evolving over hours to days). Submesoscale

motions include smaller rotating eddies as well as elongated fronts (Fig. 1.1c) with sharp

temperature and velocity gradients5 (Capet et al., 2008b; McWilliams, 2016; Srinivasan

et al., 2023). Because they are small and short-lived, submesoscale motions are especially

challenging to observe using conventional ship surveys, satellite measurements, or global

climate models (Bodner et al., 2020), not to mention a collocated and concurrent measure-

ment of atmospheric wind �eld. As a result, our current understanding of submesoscale

air�sea interactions mostly comes from numerical simulations. Strobach et al. (2022) re-

ported wind stress curl anomalies of up to 10*5 Nm*3 associated with í10 km SST fronts

in the Gulf Stream, nearly an order of magnitude larger than values typically inferred from

mesoscale studies (e.g., Chelton et al., 2004). Chen et al. (2022) further showed that the

negative correlation between ocean surface vorticity and wind stress curl persists at these

smaller scales.

However, strong SST gradients and ocean velocity gradients rarely exist in isolation in the

upper ocean. Chelton et al. (2004) noted that their collocation may indicate simultaneous in-

teractions of TFB and CFB with the atmosphere, potentially altering the relationships iden-

ti�ed in previous mesoscale studies that examined each feedback separately (e.g., Chelton

et al., 2007; O'Neill et al., 2012; Renault et al., 2016b). Chapter 2 of this thesis, published as

Bai et al. (2023), addresses this by identifying and quantifying potential interactions between

air�sea feedbacks. A two-dimensional (2-D) conditional mean analysis is proposed to assess

the joint in�uence of TFB and CFB on wind stress gradients such as curl and divergence.

Unlike conventional one-dimensional (1-D) binning with either TFB or CFB, the 2-D ap-

proach measures wind stress gradients as a function of both simultaneously. Using a coupled

5Submesoscale fronts are associated with strong surface buoyancy gradients in�uenced by both temperature
and salinity; in this thesis work we focus on temperature e�ects.
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ocean�atmosphere simulation at 2�4 km resolution (Torres et al., 2022b), Chapter 2 iden-

ti�es regimes in which CFB and TFB either reinforce or oppose one another's in�uence on

wind stress derivatives. When acting in concert, their combined e�ects produce wind stress

derivative anomalies up to 10 times stronger than in mesoscale-resolving studies. It is also

proposed that surface wind stress variations from air�sea interactions can be approximated

from surface ocean velocity and SST gradients through:

( • � ù �� + �( cSST ; (1.3)

in which the coe�cients � and � are solved based on the 2-D analyses. This 2-D reproduce

the magnitude and structure in atmospheric wind �eld from surface ocean velocity and SST,

( • � ù �� + �( cSST ; (1.4)

more accurately than if using coe�cients from the previous 1-D analyses. Accounting for

this joint e�ect provides a more accurate and complete description of air�sea interactions.

If air�sea feedbacks jointly modify atmospheric winds, they potentially can change how

these small-scale atmospheric variability feeds back onto the near-surface ocean. In Chap-

ter 3, we investigate this impact on Ekman vertical velocities in the same ocean�atmosphere

coupled simulation, with a focus on submesoscale air�sea interactions. By explicitly separat-

ing the �ow �elds into mesoscale (30�200 km) and submesoscale (< 30 km) components, we

�nd that the largest atmospheric wind stress anomalies originate exclusively from imprints

of oceanic submesoscale surface features. Linear and nonlinear Ekman velocities at each

scales are compared for the �rst time. In addition, we propose a decomposition of nonlinear

Ekman velocities into CFB and TFB contributions to more accurately quantify their impacts

on the upper ocean. At mesoscale, the results largely agree with Gaube et al. (2015); Seo

et al. (2016), showing that air�sea processes govern most of the variability in upper-ocean

Ekman velocities at mesoscale. At sub-30 km scales, however, nonlinear Ekman velocities

grow be to an order of magnitude larger than CFB- and TFB-induced linear Ekman veloc-

ities, and are driven primarily by intensi�ed surface ocean vorticity gradients. This reveals

a new regime of vertical velocities in which small-scale surface ocean processes exert a

dominant in�uence on air�sea interaction, underscoring the critical role of submesoscale

dynamics in upper ocean air�sea processes.

Besides their role in air�sea interactions, submesoscale motions possess distinctive features

that set them apart from mesoscale �ows and make them central to upper-ocean dynamics.

A frequently emphasized feature of the submesoscale range is their high Rossby number,

Ro =
U

fL
; (1.5)

where U is a velocity scale, L a length scale, and f the Coriolis frequency. Ro, which mea-

sures the relative importance of inertial (advective) forcing to the Coriolis force from Earth's
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rotation, transitions from Ro ~ 1 at mesoscale to Ro À 1 at submesoscale (Fig. 1.1). This

transition, emphasized in previous studies (Thomas et al., 2008; McWilliams, 2016), marks

a shift in �ow behaviors and dynamics. At the mesoscale, rotational e�ects dominate over

advection, and the �ow is largely in geostrophic balance, with motions spanning large hor-

izontal scales but limited vertical extent. Submesoscale �ows, however, at least partially

escape rotational constraints (Thomas et al., 2008; McWilliams, 2016; Taylor and Thomp-

son, 2023), exhibiting enhanced surface divergence and vertical velocities (Balwada et al.,

2018; Barkan et al., 2019). These vertical velocity are thought to have a substantial impact

on heat, nutrient, and carbon transfers at the surface ocean (Mahadevan, 2016; Rosso et al.,

2016; Balwada et al., 2018; Su et al., 2018; Siegelman et al., 2020).

In contrast with expectations from classical energy-transfer theory, submesoscale motions

imprint a strong energetic signature in the upper ocean. In the mesoscale regime, where �ows

are largely geostrophically balanced, the classical dual-cascade paradigm of geostrophic tur-

bulence describes how large-scale available potential energy (APE) is converted into kinetic

energy via mesoscale baroclinic instability (e.g., Rhines, 1977; Salmon, 1978). Nonlinear

triad interactions then redistribute that energy: kinetic energy undergoes an inverse trans-

fer to energize larger scales, while enstrophy cascades forward to smaller scales (Kraich-

nan, 1967; Charney, 1971; Scott and Wang, 2005; Tulloch et al., 2011; Arbic et al., 2013).

This framework implies that little energy should remain at submesoscale, or at any scales

smaller than the mesoscale deformation radius (Charney, 1971). Yet, both observations and

high-resolution simulations reveal vigorous submesoscale activities in the surface ocean

(Capet et al., 2008b; Lapeyre and Klein, 2006; Callies et al., 2015; Shcherbina et al., 2013;

Naveira Garabato et al., 2022).

This persistence of energy at the submesoscale is ultimately enabled by the constraints im-

posed by the mere presence of ocean surface boundary (Capet et al., 2008b; Held et al., 1995;

Lapeyre and Klein, 2006), which partially violate the assumptions of classical geostrophic

turbulence and two-dimensional turbulence theories that apply well to mesoscale turbu-

lence (e.g., Charney, 1971; Salmon, 1978; Kraichnan, 1967). Two main mechanisms are

proposed to be responsible for the enhanced energy in the submesoscale range: mixed layer

instabilities (MLI) and strain-driven frontogenesis (Callies et al., 2016; Barkan et al., 2019;

Fox-Kemper et al., 2008). MLI operates similarly to mesoscale baroclinic instability but

at smaller spatial scales of O.1�10/ km con�ned largely in the surface mixed layer. It is

enabled by the potential-vorticity jump at the base of the mixed layer, which permits sub-

mesoscale baroclinic instability catalyzed by lateral buoyancy gradients in the mixed layer.

During the process of MLI, dense water is displaced downward and lighter water is lifted

upward, essentially increasing the strati�cation in the surface mixed layer (Boccaletti et al.,

2007). Besides the lateral buoyancy variations, the potential energy reservoir available for

conversion by MLI depends strongly on the depth of the mixed layer, which deepens in win-

ter. Both numerical simulations (Sasaki et al., 2014) and observations (Callies et al., 2015;
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Figure 1.4: Illustration of strain-driven frontogenesis under semi-geostrophic (SG) constraints.
(a) The background strain �eld *�x and �y with constrain strain rate �. (b) The buoyancy �eld
N 2z + b0 (color) and the along-front �ow v0 (gray) in SG dynamics.

Naveira Garabato et al., 2022) show more energetic submesoscale motions in winter, with

activity suppressed in summer.

Strain-driven frontogenesis provides another pathway for the surface energization of sub-

mesoscale fronts (Fig. 1.4). The essential dynamics, long recognized in the atmospheric

literature, originate in quasi-geostrophic (QG) theory (Stone, 1966). A mesoscale strain

�eld sharpens lateral buoyancy gradients at the surface and in the interior, which in turn

induces an ageostrophic secondary circulation described by the omega equation (Hoskins

et al., 1978), linking lateral buoyancy gradient with �ows in the cross-frontal plane. This cir-

culation produces downwelling on the dense side of the front and upwelling on the lighter

side. In the ocean interior, these vertical motions act to counter further intensi�cation of the

buoyancy gradient; at the surface, however, vertical transport must vanish, allowing lateral

buoyancy gradients to grow unchecked. While QG theory successfully captures the onset

of frontogenesis and ageostrophic circulation, a major limitation is that the front sharpens

slowly and never collapse � a result inconsistent with observations. To address this, Hoskins

and Bretherton (1972) developed a semi-geostrophic (SG) theory of frontogenesis, which

allows ageostrophic �ows to advect momentum. This key distinction turns out to be critical:

ageostrophic �ow pushes the center of the front to a surface convergent zone, enhancing

asymmetry and leading to �nite-time frontal collapse. Both QG and SG frontogenesis are

considered �balanced,� as they describe �ow regimes governed by potential vorticity conser-

vation and an associated inversion principle, where the full �ow �eld can be reconstructed

from the distribution of potential vorticity (Hoskins et al., 1985). They generally assume a

small Ro. Despite their simpli�ed dynamics, these theories provide powerful representations

of key aspects of oceanic frontal �ows.

The unique dynamics and intermediate spatial scale of submesoscale �ows place them at the

forefront of e�orts to understand how energy transfers from the larger mesoscale to the sub-

mesoscale, and ultimately to the smaller scales where viscous dissipation occurs. Oceanic

energy sinks occur at both large and small spatial scales. Large-scale sinks arise from body
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forces like top and bottom drag (Ferrari and Wunsch, 2009), while small-scale sinks rely on

eddy and viscous dissipation (Gregg, 1989; Wunsch and Ferrari, 2004). Interaction with the

ocean bottom can generate boundary-layer turbulence and produce bottom-enhanced dissi-

pation (e.g., Ferrari and Wunsch, 2009). Lee waves are generated behind the wake of bot-

tom topography, whose breaking exerts a net drag on the mean �ow (e.g., Nikurashin et al.,

2013). Although part of the mesoscale energy could be dissipated by large-scale surface

drag, interactions with topography and waves, and air�sea interactions via CFB, the inverse

energy cascade characteristic of mesoscale turbulence does not provide an e�cient path-

way for the remainder to be dissipated through molecular di�usivity (Bodner et al., 2020).

To maintain steady state, energy must cascade from mesoscale reservoirs forward progres-

sively to smaller spatial scales where dissipation becomes dominant. At the submesoscale,

numerical simulations and observations agree that most energy released by MLI also cas-

cades inversely to larger scales, �lling the gap between the mixed-layer deformation radius

and the mesoscale through triad interactions (Sasaki et al., 2014; Boccaletti et al., 2007;

Rocha et al., 2016; Lawrence and Callies, 2022). However, part of the MLI-released energy

does undergo a forward transfer to reach microscale dissipation (Capet et al., 2008b), and

the persistence of this dissipation even at resolution su�cient to resolve O.1 km/ motions

indicates that it is a pathway for energy removal (Capet et al., 2008c).

In submesoscale fronts, recent studies using coarse-graining approaches (Leonard, 1975;

Eyink, 1995; Aluie et al., 2018) applied to realistic primitive-equation simulations have

revealed signi�cant forward energy transfer, suggesting that submesoscale fronts act as a

viable conduit for downscale energy �uxes. Speci�cally, Srinivasan et al. (2023) identi�ed

a tight link between surface convergence and frontal energy transfer. A characteristic dipole

pattern emerges on either side of submesoscale fronts: the convergent side induces forward

transfer to smaller scales, while the divergent side shows inverse transfer to larger scales.

When integrated over a pool of submesoscale fronts, the forward transfer associated with

convergence outweighs the inverse transfer associated with divergence, resulting in a net for-

ward transfer. The driver of strong surface convergence and hence the forward frontal transfer

is attributed to unbalanced processes, such as turbulent thermal wind (TTW) (Barkan et al.,

2019; Srinivasan et al., 2023). TTW describes a balanced between rotation, pressure gradi-

ent, and vertical momentum mixing, in which vertical mixing disrupts geostrophic balance

and accelerates the front's cross-frontal ageostrophic circulation6. This mechanism could

intensify the convergent side of a front, enhancing the forward transfer there (Dauhajre et al.,

2025).

Given the dynamical transition that occurs somewhere within the submesoscale range, an

important question regarding energy transfer at fronts arises: to what extent can balanced

theories like QG and SG capture the forward�inverse dipole of energy transfer observed in

6Vertical momentum mixing is generally parameterized with eddy viscosity (e.g., Fox-Kemper et al., 2008;
Bodner et al., 2020), and prevailingly regarded as frontogenic (Garrett and Loder, 1981).
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Figure 1.5: Schematic of the submesoscale transition from balanced to unbalanced dynamics, marked
by changes in �ow time scale and frequency !. The transition time scale and its corresponding length
scale occur somewhere within the broad submesoscale range but remain poorly quanti�ed.

realistic simulations? Although QG and SG frameworks are well established for reproduc-

ing key �ow features in strain-driven frontogenesis (Stone, 1966; Hoskins and Bretherton,

1972; Hoskins, 1975), the associated energy transfer under balanced conditions has received

relatively little attention and remains poorly constrained. Realistic numerical studies tend to

exclusively associate forward transfer to unbalanced dynamics such as momentum mixing

and mixed-layer turbulence Barkan et al. (2019); Srinivasan et al. (2023). However, in princi-

ple, when a strain �eld sharpens a lateral surface buoyancy gradient, the surface convergence

transfers kinetic energy to smaller scales. This suggests that, at least in theory, balanced dy-

namics should be able to reproduce a forward energy transfer at fronts without invoking

unbalanced dynamics.

The potential of using balanced dynamics to describe submesoscale motions is sometimes

overlooked. The ongoing debate over �balance� and the uncertainty of when and where

it ceases to hold re�ects a fundamental gap in the theoretical understanding of subme-

soscale dynamics (McWilliams, 2016). Within the broad range of submesoscale motions

(O.1�10/km), the dynamics transition from being largely describable by balanced theories

such as QG and SG to being predominantly unbalanced, as the Rossby number (Ro) in-

creases from ~ 1 to O.1/ (Thomas et al., 2008). Ro can be alternatively expressed as a

ratio of the time scale of Earth's rotation f*1 and an advective time scale of � = L_U:

Ro = .�f / *1 . The shift to unbalanced motion therefore occurs when � becomes comparable

to f *1 , the inertial timescale (Fig. 1.5). Motions with frequencies greater than f (super-

inertial) thus have Ro í 1 and shorter timescales, indicative of unbalanced dynamics. In

a submesoscale-permitting numerical simulation, Torres et al. (2018) decomposed oceanic

kinetic energy into spatial and temporal scales using Eulerian Fourier �lters and found that

submesoscale turbulence reaches super-inertial frequencies at scales as large as í50 km.

This suggests that QG and SG theories might have reached their limit at scales of O.10/ km

or smaller, failing to capture the dynamics at smaller scales. This is followed by studies that

have appealed to unbalanced dynamics (e.g., Barkan et al., 2019; Srinivasan et al., 2023)

to describe submesoscale frontogensis and energy transfer. Yet, other studies using a La-

grangian �ow-following perspective have successfully applied balanced theory to interpret

dynamics down to O.1/ km (e.g., Thomas et al., 2008; Callies et al., 2016).
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Reconciling the dichotomy between balanced and unbalanced dynamics in describing sub-

mesoscale motions hinges on a key question: at what temporal or spatial scale within the

broad submesoscale range does the transition to unbalance occur? In Chapter 4, we argue

that Doppler shifting could bias Eulerian estimates of submesoscale timescales, arti�cially

making balanced motions appear unbalanced. Following Callies et al. (2020), intrinsically

balanced and sub-inertial submesoscale features may be embedded within, and advected

by, a faster mesoscale �ow. From a �xed Eulerian perspective, this advection can make the

submesoscale �ow appear to change rapidly, even if the feature itself evolves at balanced

time scale, resulting in a spuriously high observed frequency being assigned to the �ow. A

simple kinematic example of a submesoscale eddy advected by a uniform mean �ow illus-

trates this point: to an Eulerian observer, the apparent �ow frequency re�ects the background

mean �ow, whereas from a �ow-following Lagrangian perspective, the mean �ow is a zero-

frequency component and only the slowly-varying intrinsic eddy frequency is captured. We

test this e�ect in realistic numerical simulations by comparing Eulerian and Lagrangian fre-

quency�wavenumber analyses, the latter computed from particle advections. Mooring ob-

servations in the North Atlantic (Yu et al., 2019; Callies et al., 2020) show a similar pattern:

over the same �ow �eld, Eulerian spectra is elevated in sub-inertial frequency range com-

pared with Lagrangian spectra, but reduced in the lowest frequencies, suggesting that slow

motions are misclassi�ed as faster in the Eulerian frame. The Lagrangian numerical analysis

further suggest that Ro reaches unity at spatial scales as small as sub-10 km, implying that

QG and SG balanced remain valid to at least O.1/ km, with unbalanced dynamics becoming

more important at smaller scales.

Continuing from Chapter 4, Chapter 5 uses simpli�ed QG and SG models to investigate the

direction and distribution of energy transfer in strain-driven frontogenesis. To isolate the

underlying dynamics, we consider an idealized front without background turbulence. The

key distinction between the QG and SG frameworks is whether the ageostrophic circulation

participates in momentum transfer: SG includes ageostrophic advection, enhancing frontal

asymmetry. We assess kinetic energy evolution �rst in spectral space for an integrated view,

then in physical space using a coarse-graining approach to examine the existence of the

dipole structure and compare directly with numerical studies (e.g., Srinivasan et al., 2023).

In QG frontogenesis, the narrowing jet along the sharpening front is powered by buoyancy

production, but downscale transfer due to the background strain �eld plays an important

role in the forward energy transfer. In SG, the ageostrophic secondary circulation induces

a forward transfer on the dense side of the front and an inverse transfer on the light side.

This forward�inverse dipole introduces asymmetries in the energy transfer, similar to those

observed in realistic simulations, although its magnitude is insu�cient to o�set the back-

ground forward transfer driven by the strain �eld. Our results show that balanced dynamics

can generate surface convergence and drive downscale transfer, with ageostrophic circula-

tion essential for reproducing the observed asymmetry of energy �uxes in the adiabatic and
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frictionless frontogenesis considered here. This also points to the importance of mixed-layer

turbulence in inducing the ageostrophic circulation and the associated scale transfers.

Finally, in Chapter 6, we summarize the main �ndings and outline future directions. The

numerical results about joint air�sea interactions and impacts on the surface ocean in Chap-

ters 2 and 3 highlight the potential for air�sea processes to in�uence tracer �uxes and trans-

ports of latent and sensible heat, carbon, and other climate-relevant properties. The newly

available observations from the Surface Water and Ocean Topography (SWOT) satellite

mission o�er potentially powerful tools to quantify submesoscale air�sea impacts and con-

strain global budgets of these climate-critical tracers. Extending these analyses to include

additional surface processes, such as wave�eddy interactions (e.g., Villas Bôas et al., 2020;

Conn et al., 2024), could reveal exciting dynamics. Building on Chapter 5, applying the

scale-resolved analysis of the full kinetic energy budget to realistic simulations, where fronts

are embedded in a turbulent eddy �eld, would provide a natural next step towards a deeper

understanding of forward energy transfer at submesoscale fronts.
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C h a p t e r 2

SUB-MESOSCALE WIND�FRONT INTERACTIONS: THE COMBINED
IMPACT OF THERMAL AND CURRENT FEEDBACK

This chapter is reproduced from the published article:

Bai, Y., Thompson, A. F., Villas Bôas, A. B., Klein, P., Torres, H. S., and Menemenlis,

D. (2023). Sub-mesoscale wind�front interactions: The combined impact of thermal and

current feedback. Geophysical Research Letters, 50 (18), e2023GL104807,

doi:10.1029/2023GL104807. © American Geophysical Union. Used with permission.

As a self-contained work, some notation may di�er from conventions used elsewhere in this

thesis.

2.1 Abstract

Surface ocean temperature and velocity anomalies at meso- and sub-meso-scales induce

wind stress anomalies. These wind-front interactions, referred to as thermal (TFB) and cur-

rent (CFB) feedbacks, respectively, have been studied in isolation at mesoscale, yet they

have rarely been considered in tandem. Here, we assess the combined in�uence of TFB and

CFB and their relative impact on surface wind stress derivatives. Analyses are based on

output from two regions of the Southern Ocean in a coupled simulation with local ocean

resolution of 2 km. Considering both TFB and CFB shows regimes of interference, which

remain mostly linear down to the simulation resolution. The jointly-generated wind stress

curl anomalies approach 10*5 Nm*3 , í20 times stronger than at mesoscale. The synergy of

both feedbacks improves the ability to reconstruct wind stress curl magnitude and structure

from both surface vorticity and SST gradients by 12-37~ on average, compared with using

either feedback alone.

2.2 Introduction

The exchange of heat and momentum between the ocean and the atmosphere is a criti-

cal 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 (Small et al., 2019;

Strobach et al., 2022; Renault et al., 2018; Chang et al., 2020; Seo et al., 2023), with tran-

sitions in air�sea behavior occurring at a few key spatial scales. At the basin scale, the at-

mosphere supplies the momentum that powers the ocean currents (Rai et al., 2021) and

determines the oceanic distribution of latent and sensible heat �uxes Small et al. (2008,

2019). At oceanic mesoscale, or spatial scales of O(100) km and Rossby number Ro = �_f

~ 1 (where � is the vertical component of relative vorticity), these relationships reverse

and ocean surface variability triggers atmospheric responses (Chelton and Xie, 2010; Re-
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nault et al., 2016b; Small et al., 2019; Frenger et al., 2013; Seo et al., 2023). 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 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., 2016b; Takatama and

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 À 1 motions as �sub-mesoscale.� While the impact of these

sub-mesoscale features on air�sea interactions remains largely unconstrained, they are cha-

racterized by strong anomalies in vorticity and density gradients (Siegelman et al., 2020;

Taylor and Thompson, 2023; Balwada et al., 2018) that may contribute to the TFB and

CFB.

The thermal component of wind�front interactions assesses the �bottom-up� (Renault et al.,

2018) thermodynamic in�uence of sea surface temperature (SST) gradients on the atmo-

spheric wind �elds (Chelton et al., 2004).Forerunner studies, such as Chelton et al. (2001,

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

(de�ned in Sec. 2.4.1), respectively. Mechanisms that support the TFB coupling were re-

viewed in detail by Small et al. (2008). Gradients in SST modify the overlying atmospheric

boundary layer stability and the surface drag coe�cient. This in turn generates mesoscale

variability in wind speed and stress through either pressure adjustment or downward mo-

mentum transfer (Frenger et al., 2013; Desbiolles et al., 2023). Chelton et al. (2007, 2011b);

O'Neill et al. (2012) quanti�ed these correlations through linear coupling coe�cients and

found seasonal �uctuations in the coupling intensity (Chelton and Xie, 2010). The TFB in�u-

ences the distribution of latent and sensible heat �uxes (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

di�erence between surface vector winds and surface ocean currents. Since mesoscale ed-

dies are typically of smaller spatial scale than atmospheric variations, the air�sea velocity

di�erence is non-uniform across the eddy. This feature causes eddies with positive vorti-

city to generate a negative wind stress curl anomaly (Renault et al., 2016b), and eddies with

negative vorticity to generate a positive wind stress curl anomaly (Rai et al., 2021). Bye

(1985) and 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 observations to con�rm that the

current-stress coupling coe�cient depends on local surface wind speed. CFB is a sink of the

oceanic mesoscale geostrophic kinetic energy to the atmosphere (Renault et al., 2016b; Xu
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and Scott, 2008). This �eddy killing� e�ect 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 �ows are to leading order geostrophic

and divergence-free, the connection between surface current divergence and wind stress di-

vergence is often neglected (Renault et al., 2018).

Recent high-resolution numerical simulations have enabled a �rst exploration of sub-mesoscale

wind�front feedbacks, which are shown to be signi�cantly enhanced compared with those

at mesoscales. Strobach et al. (2022) focused on SST fronts of í10 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 simulation,

Chen et al. (2022) con�rmed the enhancement of CFB due to sub-mesoscale surface vorti-

city anomalies that exceed the local Coriolis parameter f . At the sub-mesoscale, �ow begins

to escape the constraint of Earth's rotation, and surface divergence starts to assume a com-

parable magnitude as the surface vorticity (Thomas et al., 2008; McWilliams, 2016; Callies

et al., 2020). At those small spatial scales, a negative linear correlation between surface di-

vergence and wind stress divergence was recently identi�ed (Chen et al., 2022), in addition

to the well-established correlation between ocean vorticity and wind stress curl. The im-

pact of sub-mesoscale wind�front interactions on globally-integrated heat and momentum

budgets are yet to be quanti�ed.

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�cations from TFB could po-

tentially 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 feed-

back mechanisms by only having one active at a given time, and identi�ed 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 in�uence and relative importance

simultaneously.



16

Figure 2.1: Southern Ocean study domains. (a) Mean surface eddy kinetic energy (EKE [m2 s*2 ])
for austral winter months in 2012, taken from the COAS simulation (see section 2.3), for the east-
ern Paci�c sector of the Southern Ocean. The white boxes show two subdomains that are the fo-
cus of this study. The western (dashed) and eastern (solid) boxes correspond to quiescent (58-53ýS,
95-90ýE) and energetic (62-57ýS, 70-65ýE) 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.

2.3 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 1/24ý, approximately 2 km around Antarctica.

The atmospheric models has a nominal horizontal grid spacing of 6.9 km. The simulation

was initialized on January 20th, 2012 and results shown below are based on output from

June 1st to August 31st, 2012 (JJA). This con�guration is identical to that used in Torres

et al. (2022b), from which the readers can �nd 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 (Fig. 2.1), where the impact of variable ocean surface prop-

erties is disproportionally large Nicholson et al. (2022). We select this region because it is

aligned with the westerly wind stress maximum (Fig. 2.1b), and the Southern Ocean is a

key site of air�sea exchange and ventilation Marshall and Speer (2012); Dove et al. (2021);

Gruber et al. (2019), 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 5ý•5 ý subdomains compare a quiescent, low eddy kinetic energy (EKE) regime, and
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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 (Fig. 2.1c,d) 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

Buckingham et al. (2016); Barkan et al. (2019) and frontal slumping Hoskins and Brether-

ton (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 cur-

rent 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 gradients in this simulation. Results

from the quiescent subdomain provided in the Supplementary Information (SI) o�er pre-

liminary insight into regional variations. A more thorough regional and temporal analysis

of wind�front interactions is beyond the scope of is left for future work.

2.4 Results

In this section, we consider the relative importance of both TFB and CFB by construct-

ing 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 coe�cients, and investigate the temporal variability of these

coe�cients as well as the mechanisms that give rise to the variability.

2.4.1 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 properties, one chosen from each cate-

gory: ocean vorticity and divergence, or crosswind and downwind SST gradient. Crosswind

SST gradients are de�ned by (SST • � in which the winds are aligned with the front.

For downwind SST gradients, (SST � �, the winds are perpendicular to the frontal direc-

tion. 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, í 10 km. Note that

the normalizations are di�erent from previous mesoscale studies in order to highlight sub-

mesoscale features. A series of conditional mean plots (Fig. 2.2) are constructed with non-

uniform bin sizes as data points are sparse for extreme values; non-dimensionalized vorticity

(�_ðfð) and divergence (�_ðfð) have bin sizes ranging from 0.1 near 0 to 0.5 at ,4; cross-

wind and downwind SST gradient bin sizes range from 0.1ýC/10 km near 0 to 0.4ýC/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
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