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ABSTRACT: Submesoscale currents and internal gravity waves achieve an intense turbulent cascade near the ocean sur-
face [depth of 0–O(100) m], which is thought to give rise to significant energy sources and sinks for mesoscale eddies. Here,
we characterize the contributions of nonwave currents (NWCs; including eddies and fronts) and internal gravity waves
(IGWs; including near-inertial motions, lee waves, and the internal wave continuum) to near-surface submesoscale turbu-
lence in the Drake Passage. Using a numerical simulation, we combine Lagrangian filtering and a Helmholtz decomposi-
tion to identify NWCs and IGWs and to characterize their dynamics (rotational versus divergent). We show that NWCs
and IGWs contribute in different proportions to the inverse and forward turbulent kinetic energy cascades, based on their
dynamics and spatiotemporal scales. Purely rotational NWCs cause most of the inverse cascade, while coupled rotational–
divergent components of NWCs and coupled NWC–IGWs cause the forward cascade. The cascade changes direction at a
spatial scale at which motions become increasingly divergent. However, the forward cascade is ultimately limited by the
motions’ spatiotemporal scales. The bulk of the forward cascade (80%–95%) is caused by NWCs and IGWs of small spa-
tiotemporal scales (L, 10 km; T, 6 h), which are primarily rotational: submesoscale eddies, fronts, and the internal wave
continuum. These motions also cause a significant part of the inverse cascade (30%). Our results highlight the requirement
for high spatiotemporal resolutions to diagnose the properties and large-scale impacts of near-surface submesoscale turbu-
lence accurately, with significant implications for ocean energy cycle study strategies.
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1. Introduction

Ocean circulation involves interactions between motions
over a wide range of spatiotemporal scales, from the global-
scale overturning circulation to microscale turbulence. Energy
budgets}accounting for energy sources, sinks, and transfers}
offer an insightful way to unravel the ocean circulation, allow-
ing quantification of the main oceanic drivers and processes,
based on energy conservation (Ferrari and Wunsch 2009,
2010).

The kinetic energy (KE) injected by atmospheric forcing at
the large scale is transferred across scales down to the micro-
scale, and ultimately to the dissipative scale, by a turbulent
KE cascade (Ferrari and Wunsch 2009, 2010; Müller et al.
2005). Much progress has been made in describing KE path-
ways from basin scales (L ; 103 km; months–years) to the
mesoscale (L ; 10–100 km; T about weeks–months). However,
questions remain on the KE pathways between the mesoscale
and intermediate range of the submesoscale (L ; 0.1–10 km;
T; hours–day).

Mesoscale eddies are ubiquitous in the ocean and account
for 80% of the total KE (Wunsch 2007; Ferrari and Wunsch
2009). In addition to being a key component of the global
ocean energy budget, mesoscale eddies shape the quasi-
stationary circulation and background stratification by sub-
stantially transporting (horizontally and vertically) momentum,
buoyancy, dissolved gases, and biogeochemical tracers (Hallberg
and Gnanadesikan 2006; Griffies et al. 2015; Sun et al. 2019).
Understanding the KE pathways that sustain the mesoscale
eddy reservoir (i.e., KE sources and sinks associated with inter-
actions with other motions) is therefore essential for under-
standing regional and global ocean dynamics.

At the spatiotemporal scales of mesoscale eddies, motions
are dominated by near-geostrophic and hydrostatic balances,
which correspond to a Rossby number Ro ,, 1}with Ro the
ratio of Coriolis time scale to the flow time scale, and provides a
measure of the extent of geostrophic balance of the flow}and
a Richardson number Ri .. 1}with Ri quantifying the flow
stability to vertical shear instabilities (Charney 1971; Gill 1982)
(Ro in the Drake Passage is shown in Fig. 1). In this quasigeo-
strophic regime, an inverse turbulent cascade transfers KE up-
scale toward larger horizontal and vertical scales (Rhines 1977,
1979; Salmon 1980). The dissipation of mesoscale eddy KE}
necessary for achieving a stationary ocean circulation}occurs
in surface and bottom boundary layers, upon which wind and
bottom stresses act (Salmon 1980; Hughes and Wilson 2008).
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In recent years, submesoscale turbulence near the ocean
surface [depth of 0–O(100) m] has been increasingly docu-
mented to cause an inverse and/or a forward turbulent
cascade, which respectively energizes or reduces the KE
reservoir of mesoscale eddies (Qiu et al. 2014; Sasaki et al.
2014; Uchida et al. 2017; Schubert et al. 2020; Dong et al.
2020; Naveira Garabato et al. 2022; Srinivasan et al. 2023).
Near-surface submesoscale turbulence, therefore, plays a piv-
otal role in the ocean energy budget by driving dual (inverse
and forward) turbulent cascades. In addition, submesoscale
turbulence modulates the near-surface stratification (Klein
et al. 2019; Gula et al. 2022; Taylor and Thompson 2022) by
transferring tracer variance downscale, analogous to the
forward energy turbulent cascade. It also shapes the charac-
teristics of submesoscale currents, which then redistribute
(horizontally and vertically) momentum, buoyancy, nutrients,
and gases. The heterogeneities generated at the ocean surface
subsequently modulate air–sea flux.

The near-surface ocean [depth of 0–O(100) m] hosts the most
energy-dense turbulence encompassing the surface boundary
layer and the mixed layer (Fox-Kemper et al. 2022). It is pop-
ulated by oceanic motions in the submesoscale range of dis-
tinct scales and dynamics, which can extend below the mixed
layer. These motions include surface-intensified submesoscale
currents (Naveira Garabato et al. 2022; Capó and McWilliams
2022) and the surface expression of internal gravity waves
(Savage et al. 2017; Torres et al. 2018; Lahaye et al. 2019; Baker
and Mashayek 2021). A key issue yet to be resolved is how this
“zoo” of motions contributes to the near-surface turbulent KE
cascade at the submesoscale and, in turn, how it shapes the
mesoscale eddy KE reservoir.

Submesoscale currents include submesoscale eddies and aniso-
tropic elongated fronts and filaments (Fig. 1). They span an inter-
mediate dynamical range between near-geostrophically-balanced

mesoscale eddies [Ro ,, 1; spatial scales of O(10–100) km] and
nearly isotropic boundary layer turbulence (Ro .. 1; spatial
scales ,0.1 km) (McWilliams 2016; Taylor and Thompson 2022).
The submesoscale range is characterized by the increased impor-
tance of ageostrophic effects, and has partially geostrophically bal-
anced dynamics (Ro; 1 in Fig. 1, and Ri; 1). The contribution
of submesoscale currents to the inverse and forward turbulent
KE cascades is thought to be driven by their partitioning into
geostrophic and ageostrophic components (Capet et al. 2008a,b;
Molemaker et al. 2010; Callies and Ferrari 2013; Srinivasan et al.
2023).

The near-surface ocean is also populated by near-inertial
motions and by the surface expression of internal gravity
waves, including near-inertial waves, internal tides, and lee
waves (Savage et al. 2017; Torres et al. 2018; Lahaye et al.
2019; De Marez et al. 2020; Baker and Mashayek 2021, 2022).
These have horizontal scales O(1–100) km}overlapping with
the scale of mesoscale eddies and submesoscale currents}
and high frequencies in the reference frame of the flow
(intrinsic frequency $ |f |). An internal wave continuum,
generated by weakly nonlinear interactions between internal
gravity waves, is also present at small scales [O(0.1–10) km]
and superinertial intrinsic frequencies (..|f |; Garrett and
Munk 1972; Olbers et al. 2020; Dunphy and Lamb 2014).
Note that, in the Earth reference frame, the frequency of inter-
nal gravity waves can be strongly modified via Doppler shifting
by the low-frequency background circulation (Bretherton and
Garrett 1968; Kunze 1985). Internal gravity waves can therefore
span all frequencies in the Earth reference frame (extrinsic
frequency), rendering their identification difficult (Shakespeare
et al. 2021). Lee waves have a null extrinsic frequency by
definition, and represent a special case of low-frequency
internal gravity waves in the Earth reference frame. The dy-
namics of internal gravity waves are commonly referred to as

FIG. 1. Near-surface motions in the Drake Passage at wintertime. Snapshot of near-surface
vertical component of normalized relative vorticity (|zz/f|), as modeled by a dx; 1 km numerical
simulation based on the MITgcm model. Black contours show the 1000- and 3000-m isobaths,
and major topographic features are labeled. The straight black line denotes the extension of the
West Scotia Ridge.
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“unbalanced” in the literature, by contrast to low-frequency,
near-geostrophically-balanced mesoscale eddies. However,
this terminology is not accurate for all dynamical regimes, be-
cause submesoscale currents have a significant ageostrophic
(unbalanced) component as well (McWilliams 2016; Taylor
and Thompson 2022).

The contribution of internal gravity waves to near-surface
turbulence is not well understood. Internal gravity waves, in
particular near-inertial waves, have been demonstrated to en-
hance the forward turbulent cascade (Polzin 2010; Whitt and
Thomas 2015; Barkan et al. 2017; Rocha et al. 2018; Thomas
and Arun 2020; Thomas and Daniel 2021; Barkan et al. 2021).
A recent study suggested a more nuanced view, however, by
showing that interactions between mesoscale eddies and inter-
nal gravity waves can result in both KE gain and loss for
the eddies (Cusack et al. 2020). The possible contribution of
bottom-generated lee waves to near-surface submesoscale
turbulence, via interactions with other motions, has not yet
been investigated to our knowledge, and is less certain (Baker
and Mashayek 2021, 2022).

In summary, our current understanding of the contributions
of submesoscale currents and internal gravity waves to the
near-surface turbulent KE cascade at the submesoscale is
incomplete. Previous studies have provided a partial charac-
terization of the contributions of different motions to the
turbulent KE cascade. They have either not distinguished the
contributions of internal gravity waves from submesoscale
currents and fully attributed near-surface turbulence to
submesoscale currents (Sasaki et al. 2017; Dong et al. 2020;
Schubert et al. 2020; Naveira Garabato et al. 2022), or they
have focused solely on either internal gravity waves (Barkan
et al. 2021) or submesoscale currents (Srinivasan et al. 2023).
In addition, previous studies have usually explained the contri-
butions of the different motions to the turbulent KE cascade
in terms of their governing dynamics (Boyd 1992; Callies and
Ferrari 2013; Srinivasan et al. 2023)}i.e., partitioning into
dynamical components (geostrophic versus ageostrophic)}but
have not addressed the practical issue of spatiotemporal reso-
lution of motions. The relatively small spatiotemporal scales
of the submesoscale range (L ; 0.1–10 km; T ; hours–day)
have long represented a technical challenge for investigations
of submesoscale turbulence (McWilliams 2016). This near-surface
turbulence has been documented using high-resolution numerical
simulations and, to a lesser extent, with in situ observations.
Characterizing how the contributions of different motions to
submesoscale turbulence vary with spatiotemporal resolution
has direct implications for ocean study strategies and for funda-
mental understanding of ocean dynamics. It is thus important
to determine the scales that must be captured in order to
1) diagnose accurately the properties of near-surface sub-
mesoscale turbulence and 2) represent the effects of such turbu-
lence on the larger-scale ocean circulation. Unanswered questions
on near-surface submesoscale turbulence include: what class
of motions, among submesoscale currents and internal gravity
waves, contributes the most to the submesoscale turbulent
KE cascade? Which turbulent cascade, inverse or forward, do
such motions contribute to and why? How do these cascade
contributions partition across spatiotemporal scales?

Here, we attempt, for the first time to our knowledge, to
characterize the physics governing the spatiotemporal scales
of near-surface turbulence in the Southern Ocean (specifi-
cally, in the Drake Passage region; Fig. 1). In this paper, the
term submesoscale turbulence refers specifically to turbulence
at the ocean near-surface. We first assess the contributions of
submesoscale currents and internal gravity waves to the tur-
bulent KE cascade at the submesoscale, and we then quantify
their contributions in terms of dynamically relevant properties
(such as governing dynamics: geostrophic versus ageostrophic,
and spatiotemporal scales). To do so, we explicitly separate
the two classes of motions using a high-resolution numerical
simulation of the Drake Passage in winter (Fig. 1), a region
and time of intense near-surface turbulence. The Drake Pas-
sage hosts an energetic mesoscale eddy field (Chelton et al.
2011); a vigorous near-surface turbulence field in winter, as in-
dicated by the pronounced seasonality of the mixed layer
depth (Dong et al. 2008) and submesoscale turbulent cascade
(Qiu et al. 2014; Sasaki et al. 2014; Uchida et al. 2017; Dong
et al. 2020; Schubert et al. 2020); and an intense lee wave field
(Nikurashin and Ferrari 2011; Baker and Mashayek 2022).
The Drake Passage is a particularly relevant region for inves-
tigating upper-ocean submesoscale turbulence}and its po-
tential impact on the mesoscale eddy reservoir}because it
has been identified as a hotspot of eddy-induced meridional
overturning and transfer of climatically important tracers
(Thompson and Naveira Garabato 2014; Tamsitt et al. 2017).

The remainder of this article is organized as follows. The
regional numerical simulation is presented in section 2a. The
separation of motions and diagnostics of the turbulent KE
cascade are presented in sections 2b and 2c, respectively. Win-
ter near-surface motions and their contributions to submeso-
scale turbulence are characterized in sections 3 and 4. The
sensitivity of near-surface submesoscale turbulence to spatio-
temporal resolutions is assessed in section 5. Our results are
summarized, and their implications for observational and
modeling strategies are discussed, in section 6.

2. Methodology

This section presents the data, offline processing approaches,
and diagnostics used in this study. We first describe the numeri-
cal simulation of the Drake Passage. We then present the off-
line processing that separates submesoscale nonwave currents
(NWCs) from internal gravity waves (IGWs). We finally de-
scribe the diagnostic of cross-scale KE flux used to infer the tur-
bulent KE cascade.

a. Numerical simulation

Here we present the regional numerical simulation of the
Drake Passage. We first outline the numerical setup and then
assess the modeled near-surface ocean characteristics against
observations.

1) NUMERICAL SIMULATION SETUP

We use a regional numerical simulation of the Drake Pas-
sage to investigate the winter near-surface turbulent KE cas-
cade in the submesoscale range (Fig. 1). The simulation is
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based on a hydrostatic and Boussinesq configuration of the
Massachusetts Institute of Technology general circulation model
(MITgcm) (Marshall et al. 1997) and is presented in detail in
Mashayek et al. (2017) and Baker and Mashayek (2022).

The simulation has an average horizontal resolution of
dx ; 1 km (1/1008), which corresponds to an effective resolu-
tion of about 5 km (the wavenumber KE spectrum shows a
break in slope and departs from the typical power law of the
submesoscale turbulent regime (k22; Callies and Ferrari 2013)
at a horizontal scale of around 5 km; Fig. 6a). In the vertical,
225 depth levels are distributed at intervals ranging from
dz 5 10 m at the surface, dz 5 25 m between 600 and 4555 m,
to dz5 62 m at the maximum depth.

A nesting approach is used to set up the simulation. The simu-
lation is nested within a lower-resolution simulation (dx 5 1/208
and 100 vertical levels) of a larger region of the Southern Ocean
described in Tulloch et al. (2014). Initial and boundary conditions
are provided by the lower-resolution parent simulation. A re-
storing condition toward the parent simulation is applied with
a 4-h time scale at the grid boundaries through a sponge layer
of 18 width. Surface forcing is taken from the ERA-Interim re-
analysis (Simmons 2006) with a 6-h time scale. Wind stress is
calculated from bulk formula using the relative atmosphere–
ocean velocities. The wind forcing therefore accounts for wind
fluctuations due to oceanic flows ranging from large-scale
down to the horizontal resolution of the simulation (dx; 1 km).
No tidal forcing is used in the simulation. Vertical mixing is
applied through background values of vertical diffusivity and
viscosity of 5 3 1025 m2 s21. Intense vertical diffusivity and
viscosity, due to unresolved shear and convective instabilities,
are represented by the K-profile parameterization (Large
et al. 1994), with the critical Richardson number for shear in-
stability set to Ric 5 0.33.

The parent simulation is run over 3 years, and the dx; 1 km
simulation is run for about 3 months (July–September). This
study is based on the final 30 days of the dx ; 1 km simulation
(September). Numerical output was saved as hourly snapshots
and hourly averages. Analyses presented in sections 2–4 are
based on hourly averages, and outputs with coarser temporal
resolutions are used in section 5.

2) OBSERVED AND MODELED OCEAN DYNAMICS

Several characteristics of the modeled ocean dynamics in
the Drake Passage have been assessed against observations,
in the context of larger parent numerical simulations (Tulloch
et al. 2014; Mashayek et al. 2017) and of our numerical simu-
lation (Baker et al. 2023). At the surface, the modeled surface
hydrography and eddy KE were validated against satellite al-
timetry data (Tulloch et al. 2014). Across the water column,
the impact of mesoscale dynamics on diapycnal mixing was
accurately simulated (Mashayek et al. 2017). At the bottom,
the water mass characteristics and distribution were validated
against in situ observations (Baker et al. 2023).

Here, we show that our numerical simulation is a plausible
realization of the near-surface dynamics of the Drake Passage
region. We assess the modeled near-surface dynamics by com-
paring the modeled winter stratification and mixed layer

depth against Argo data (Kolodziejczyk et al. 2021; Holte
et al. 2017) and World Ocean Atlas 2018 (WOA18) climatol-
ogy (Locarnini et al. 2018; Zweng et al. 2019) (Fig. 2). Stratifi-
cation and mixed layer depth result from the competition of
several processes driven by buoyancy and momentum atmo-
spheric forcings, and which are partially resolved and parame-
terized in our model. The two fields, therefore, provide a
measure of the integrated near-surface dynamics. We addi-
tionally evaluate the modeled near-surface KE partitioning
across horizontal scales as represented in our simulation
against the one used in Rocha et al. (2016).

(i) Near-surface stratification

Temporally and spatially averaged vertical profiles of mod-
eled and observed stratification are shown at the near-surface
in Fig. 2a. The modeled stratification (mean: 2.65 3 1026 s22;
standard error: 1.15 3 1027 s22) falls within the range of
Argo profiles (mean: 5.14 3 1026 s22; standard error: 4.10 3

1026 s22)}representing the variability of stratification in the
region}and is in reasonably good agreement with Argo-
based andWOA18 climatologies.

The near-surface ocean (0–300-m depth) is slightly less strati-
fied in the model than in observations. Mimicking the Argo
sampling in the model improves the agreement with observa-
tions at depths . 100 m, with very good agreement at depths
greater than 250 m. The slight differences in stratification
would suggest an imbalance between processes restratifying
(submesoscale processes including mixed layer baroclinic
instability; Haine and Marshall 1998; Boccaletti et al. 2007;
Fox-Kemper et al. 2008) and destratifying [vertical mixing
induced by internal waves (Song et al. 2019) and parameterized
using the K-profile parameterization (Large et al. 1994)] the
winter near-surface ocean at depths , 100 m. However, the dif-
ferences between the model and observations at depths , 100 m
(averaged difference of 3.87 3 1026 s22) are smaller than
the standard error of stratification shown by the Argo profiles
(4.103 1026 s22).

(ii) Mixed layer depth

The mixed layer is a characteristic feature of the near-
surface ocean. It corresponds to a quasi-uniform density layer
extending from the ocean surface toO(10–100) m. Its depth is
shaped by atmospherically forced processes working for or
against the mixed layer stratification, and it varies seasonally
and between oceanic regions.

A monthly Argo-based global climatology of the mixed layer
depth uses a hybrid method of mixed layer depth estimation
that combines a potential density algorithm and variable thresh-
old values (Holte et al. 2017). We infer the mixed layer depth
from our numerical simulation using a double criterion on verti-
cal variations of potential density. This method, based on the
gradients and curvature of density profiles, has the benefit of
being straightforward to implement and of accurately locating
sharp changes of density, such as the mixed layer base. Such a
method has recently been used to revisit the characterization of
subtropical mode waters in the South Atlantic and improve un-
derstanding of their formation (Chen et al. 2022).
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Temporally averaged winter mixed layer depths from the
Argo climatology (July–September) and our model (September)
are shown in the region of the Drake Passage (Figs. 2b,c). Mod-
eled and observed mixed layer depths exhibit patterns and mag-
nitudes in fairly good agreement, with a typical deep winter
mixed layer [O(.100) m] in most of the domain. The mixed layer
displays contrasting depths between two areas separated by the
Subantarctic Front, located along the West Scotia Ridge, where
isotherms of potential temperature exhibit large gradients (green
isolines in Figs. 2b,c). The mixed layer is deep [O(.100) m] on
the warm side of the front (northwest of the ridge) and shallower
[O(,100) m] on the cool side of the front (south of the ridge).

Modeled winter mixed layer depths have magnitudes some-
what larger than observed. The model overestimates the
mixed layer depth when averaged over the full domain by
25%, and by 12.5% when averaged over a central subdomain

(squared subdomain shown in Figs. 2b,c). Deeper modeled
mixed layers are consistent with the modeled stratification be-
ing biased low compared to observations (Fig. 2a). The differ-
ences can also be partially explained by the distinct methods
used to infer the mixed layer depth from observations and the
model. This is consistent with the findings of Holte et al.
(2017) who, in regions of deep mixed layers, reported differ-
ences of about 10% between the mixed layer depth inferred
from hybrid and variable threshold value methods. The differ-
ences may also be influenced by the distinct modeled (30 days)
and observed (.10 years) time series.

(iii) Horizontal wavenumber spectrum of KE

Temporally averaged near-surface horizontal wavenumber
spectra of KE computed in the Drake Passage region are
compared between the global llc4320 simulation (dx ; 5 km,

FIG. 2. Observed and modeled winter near-surface characteristics. (a) Temporally and spatially averaged stratification
profiles (hN2 ix,y) from Argo data and WOA18 climatology (July–September) and our dx ; 1 km model (September).
Two averaged profiles are computed from our model: one accounting for the profiles at the model’s spatial resolution
(plain black line) and another mimicking the spatial sampling of Argo data (dashed black line). Mean mixed layer
depths inferred from the Argo climatology (gray horizontal line) and the model (black horizontal line) are shown.
Time-averaged mixed layer depth (hML) from (b) Argo monthly climatology (July–September; Holte et al. 2017) and
(c) dx ; 1 km model (September). Black contours show 1000- and 3000-m isobaths and the black square denotes the
subregion of spatially averaged h ? i(x,y). Green contours show isolines of time-averaged potential temperature at the
surface from 218 to 58C with an interval of 0.58C for Argo climatology (July–September; Holte et al. 2017) averaged in
the mixed layer in (b) and our model at the surface in (c).
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including 6-hourly atmospheric forcing and a tidal forcing)
and our numerical simulation (dx ; 1 km, including 6-hourly
atmospheric forcing and no tidal forcing) [Fig. 8d in Rocha
et al. (2016) and Fig. 6a in this study]. The characteristics of
the two near-surface horizontal wavenumber KE spectra are
partially consistent. Figure 8d of Rocha et al. (2016) shows
the surface horizontal wavenumber KE spectrum for the
winter period (September–December). The maximum of KE
is found at about 150 km, and KE decreases from the meso-
scale to the submesoscale range (100–10 km) with a power
law between 23 and 22. Figure 6a shows the near-surface
(averaged in the layer 0–100 m) horizontal wavenumber KE
spectrum for the winter period (September). No maximum of
KE is visible in the horizontal range of 150–3 km, which
supports a maximum of KE at scales larger than 150 km as
shown by Rocha et al. (2016). KE decreases in the 100–10-km
range with a power law of 22 (the spectral slope is fairly uni-
form across the near-surface (0–100 m; not shown). The flatter
spectral slope in our simulation compared to the llc4320 simu-
lation goes along with a larger KE magnitude at all horizontal
scales.

The reasonably good agreement between modeled and ob-
served estimates of time-averaged stratification, mixed layer
depth, and between modeled horizontal wavenumber KE
spectra}considering the different methods and data}indicates
that our model is a plausible realization of the dynamics of the
Drake Passage. Our model is therefore suitable for investigating
winter near-surface turbulence.

b. Separation of classes of motions

In this subsection, we present our offline processing, which
combines a Lagrangian filter and Helmholtz decomposition to
1) separate the flow into two classes of motions (NWC versus
IGW) and 2) assess their governing dynamics (rotational ver-
sus divergent).

1) LAGRANGIAN FILTER: NWCS AND IGWS

Velocity fields are analyzed offline using a Lagrangian filter
to represent them as the sum of components associated with
nonwave currents}including submesoscale currents}and in-
ternal gravity waves (Shakespeare et al. 2021; Bachman et al.
2022; Baker and Mashayek 2022; Cutolo et al. 2022; Rama
et al. 2022b,a). See appendix A for details of the Lagrangian
filtering performed on our model output. The separation of
internal waves from other oceanic flows is a long-standing
issue in oceanography, and different methods are documented
(Shakespeare et al. 2021). Here, we discuss the challenges
represented by such a separation and our choice of using
Lagrangian filtering.

The identification and separation of internal waves
(100 km�L�1 km; T # Tf in the reference frame of the
flow, with Tf 5 2p/f 5 14 h being the period of the inertial
frequency f in the Drake Passage) from submesoscale currents
(lRd 5 75 km�L�0:1 km; day�T�hours, with lRd the
Rossby deformation wavelength in the Drake Passage) is chal-
lenging. The two classes of motions have overlapping dynamics,
with a significant ageostrophic part. As a result, a separation

method based on a dynamical criterion (Bühler et al. 2014) is
inadequate. The two flow types have overlapping spatiotem-
poral scales in the Earth reference frame too. They share a
range of horizontal scales, and the characteristic time scale of
internal waves can be strongly modified by the flow in which
they propagate (Bretherton and Garrett 1968; Kunze 1985).
Internal waves can be advected and trapped by the low-
frequency background circulation, resulting in a Doppler-
shifted extrinsic frequency lower than the intrinsic frequency,
and comparable to that of nonwave currents. This phenomenon
has been shown to alter the spatiotemporal scales of internal
gravity waves in regions of intense mean currents and mesoscale
eddy field (Jones et al. 2023). Torres et al. (2022) proposed a
separation method based on the vertical structure of submeso-
scale currents and internal waves that bypasses this issue. How-
ever, this method was developed in a region of upwelling with a
specific stratification profile, such that the validity of a vertical
separation scale cannot readily be generalized.

The Lagrangian filter is a generic method allowing us to
sidestep overlapping scales between submesoscale currents
and internal waves for any dynamical regime (Shakespeare
et al. 2021). By performing a temporal filter on Lagrangian ve-
locities, we make use of the existence of a separation time
scale (Tf) between submesoscale currents (T $ Tf) and inter-
nal waves (T # Tf) in the frame of the flow (Polzin and Lvov
2011). The Lagrangian filter has been shown to isolate inter-
nal waves successfully in high-resolution numerical simula-
tions, including low-frequency internal waves such as lee
waves, which experienced a sufficient Doppler shift to have
an intrinsic frequency greater than the inertial frequency
(Shakespeare et al. 2021; Baker and Mashayek 2022).

We refer henceforth to the filtered modeled velocity fields
as nonwave currents and internal gravity waves. IGWmotions
account for any flows of high intrinsic frequency. These en-
compass the bulk of near-inertial motions and internal waves.
However, submesoscale fronts and internal waves are inherently
related, and their separation may be unclear in some dynamical
regimes. Internal waves are known to initiate frontogenesis,
and submesoscale fronts can radiate internal waves (Alford
et al. 2013; Vanneste 2013; Nagai et al. 2015; Shakespeare and
Hogg 2017). Such submesoscale fronts, of high intrinsic fre-
quency, would therefore be classified in the IGW component
with the Lagrangian filtering approach. We expect such high-
frequency fronts not to be dominant in our numerical simula-
tion (dx ; 1 km). We find that the modeled NWC and IGW
motions account, respectively, for the bulk of submesoscale
currents and internal gravity waves in appendix A, using a sta-
tistical analysis of vorticity and strain fields and frontogenetic
tendency (Figs. A1 and A2).

An advantage of the offline Lagrangian filter is that it ena-
bles the separation of motions regardless of their generation
mechanism. This is important for internal gravity waves in
particular, because even though they are mostly forced by at-
mospheric drivers, they can also be generated by topographic
interactions (De Marez et al. 2020; Baker and Mashayek
2021) or be spontaneously generated (Alford et al. 2013;
Vanneste 2013; Nagai et al. 2015; Shakespeare and Hogg
2017). This offline approach may therefore allow a more
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exhaustive characterization of the contribution of internal
gravity waves to the near-surface turbulent KE cascade than
methods using varying atmospheric forcing to discriminate
one class of motions (Barkan et al. 2021; Srinivasan et al. 2023).

2) HELMHOLTZ DECOMPOSITION: ROTATIONAL AND

DIVERGENT MOTIONS

Horizontal velocities of NWC and IGWmotions are further
decomposed offline into the sum of rotational and divergent
components by applying a Helmholtz decomposition. See
appendix B for details of the Helmholtz decomposition per-
formed on our model output. This method has been used to
decompose the flow approximately into geostrophic (balanced)
and ageostrophic (unbalanced) parts (Molemaker et al.
2010; Gula et al. 2014; Torres et al. 2018; Bühler et al. 2014;
Srinivasan et al. 2023). Rotational and divergent velocities
form a unique decomposition at each point of the domain.
Thus, we write:

u(x, y) 5 =H 3 ck︸���︷︷���︸
rotational u

1 =Hf︸︷︷︸
divergent u

, (1)

with u 5 (u, y) as the horizontal velocity vector, c and f

respectively denoting the velocity streamfunction and potential,
=H 5 (­x, ­y, 0) as the horizontal gradient operator, and
k 5 (0, 0, 1) the vertical unit vector. Rotational velocities derive
from a streamfunction (c) and are horizontally divergence-free.
Divergent velocities derive from a potential (f) and are two-
dimensionally irrotational. Thus, for the NWC flows, rotational
and divergent velocities respectively account for the geostrophi-
cally balanced and ageostrophic (unbalanced) parts of the flows.

We use the Helmholtz decomposition to assess the partition-
ing of NWC and IGW motions into dynamical components,
and thereby assess their governing dynamics. Both NWC and
IGW motions have significant rotational and divergent compo-
nents, as shown from near-surface normalized relative vorticity
[z/f 5 (1/f )=2

Hc] and divergence [d/f 5 (1/f )=2
Hf] at a given

time step (Fig. A1). Mesoscale and submesoscale eddies are pri-
marily in geostrophic balance and will mainly project onto the
rotational component (Gill 1982; Stone 1970). Submesoscale
fronts are partially geostrophically balanced and significantly
contribute to rotational and divergent components (McWilliams
2016; Taylor and Thompson 2022). Indeed, fronts undergoing
frontogenesis can be decomposed into a primary alongfront cir-
culation in thermal wind balance, and a secondary cross-front
ageostrophic circulation (McWilliams 2016, 2021). In the context
of the Helmholtz decomposition, the alongfront and cross-front
frontogenetic circulations are respectively approximated by the
rotational and divergent components of fronts. The partitioning
of internal gravity waves has been explicitly derived in the con-
text of stratified turbulence, and is predicted to vary with respect
to wavenumber and frequency (Bartello 1995). The partitioning
of NWC and IGW varies seasonally. Torres et al. (2018) showed
that submesoscale currents are largely rotational and have a
significant divergent component in winter. Internal gravity
waves have both significant rotational and divergent parts. We
characterize the partitioning of the modeled winter NWC and

IGW motions into dynamical components in sections 3a and 3b
(Figs. 3–5).

In summary, our approach leads to the definition of four
categories of horizontal velocities: NWC rotational, NWC diver-
gent, IGW rotational, and IGW divergent. The initial velocity
field is recovered by summing the four categories of velocities.

c. Cross-scale kinetic energy flux

Turbulent KE cascades are inferred from the horizontal
cross-scale KE flux, computed using a coarse-graining method
with respect to spatial scale (Aluie et al. 2018; Schubert et al.
2020; Srinivasan et al. 2023). Note that we do not consider the
contribution of vertical cross-scale KE flux to the turbulent
KE cascades here, which could be significant for internal grav-
ity waves and lee waves in particular. The coarse-graining
method is based on a low-pass spatial filtering function, and
allows inference of the KE flux across a given spatial scale l in
physical space. The cross-scale KE flux, P

l(x, y) [Eq. (2)],
measures the KE transfer from scales . l to scales , l caused
by nonlinear interactions:

P
l(x, y) 52

1
2
[=Hu

l 1 (=Hu
l)T] : (uul 2 u lu l), (2)

P
l(x, y) 52

1
2
(­xul 1­yy

l)(uul 2 ulul 1 yy l 2 y ly l)︸������������������������︷︷������������������������︸
convergence contribution

2 (­yul 1­xy
l)(uy l 2 uly l)︸�������������︷︷�������������︸

shear strain contribution

1
1
2
(­xul 2­yy

l)(yy l 2 y ly l 2 uul 1 ulul)︸�����������������������︷︷�����������������������︸
normal strain contribution

,

(3)

with ( ? ) l denoting the low-pass filter at the cutoff spatial scale l
and the colon denoting the tensor inner product leading to a
scalar. See appendix C for details of the computation of the
cross-scale KE flux in our model. The sign of P

l(x, y) indi-
cates the direction of the KE transfer. Negative values corre-
spond to an upscale KE transfer and indicate an inverse
turbulent cascade. Positive values correspond to downscale
KE transfer and indicate a forward turbulent cascade.

To assess the contributions of NWC and IGW motions to
submesoscale turbulence, we calculate the cross-scale KE flux
for the different categories of velocity fields (NWC rotational,
NWC divergent, IGW rotational, and IGW divergent). The
different cross-scale KE flux account for the KE flux caused
by nonlinear interactions within individual classes of motions,
and between the different classes of motions. The four catego-
ries of velocity fields, resulting from the offline processing, de-
scribe four individual classes of motions and are not coupled
per se. The coupling (interaction) between the classes of mo-
tions comes from the cross-scale KE flux being a nonlinear
term. For example, the cross-scale KE flux for total NWC
motions, P

l
NWC 5P

l
NWC_rot 1P

l
NWC_div 1P

l
NWC_rot–div, is ex-

pressed as the sum of the individual contributions of NWC
rotational motions (P

l
NWC_rot) and NWC divergent motions
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(P
l
NWC_div), plus a coupling term between the two types of

motions (P
l
NWC_rot–div).

The main cross-scale KE flux caused by individual classes
of motions considered in this study (section 4) include (i)
P

l
rot–rot, accounting for interactions between nonseparated

(NWC plus IGW) rotational motions; (ii) P
l
NWC–NWC, for

interactions between NWC total (rotational plus divergent)
motions; (iii) PNWC_rot–NWC_rotl , for interactions between
NWC rotational motions; and (iv) P

l
, for interactions inferred

from the nonseparated (NWC plus IGW) total (rotational plus
divergent) modeled velocities. These individual cross-scale KE
fluxes are explicitly computed by substituting in Eq. (2) the

FIG. 3. Spatial structure of submesoscale NWC (left) rotational and (right) divergent motions (L , lRd ; 75 km;
T .1 day). Near-surface horizontal sections of (a),(d) normalized strain and (b),(e) KE, and (c),(f) vertical sections
of KE [at 56.818S shown with black dotted line in (b) and (e)] for NWC rotational and divergent motions in the left
and right panels, respectively. In (a), (b), (d), and (e), the 0.25-, 0.5-, 0.75-, and 1-m isolines of time-averaged sea
surface height are shown in white and green contours, and 1000- and 3000-m isobaths are shown in black contours.
Mean mixed layer depth is shown in white in (c) and (f). Fields are plotted at a time step in the subregion denoted
in Fig. 2.
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velocity field of the motions considered. The main cross-scale
KE flux caused by the coupling between two classes of motions
considered in this study (section 4) include (i) P

l
rot–div, account-

ing for interactions between nonseparated (NWC plus IGW)
rotational and divergent motions; (ii) P

l
NWC_rot–NWC_div, for

interactions between NWC rotational and divergent motions;
(iii) P

l
NWC–IGW, for interactions between NWC and IGW total

(rotational plus divergent) motions; and (iv) P
l
NWC_rot–IGW_rot,

for interactions between NWC and IGW rotational motions.
The coupled cross-scale KE flux are as follows:

P
l
A2B(x, y) � 2[=HuA

l + (=HuA
l)T] : 1

2
(uBuB l 2 uB

luB
l) + (uAuB l 2 uA

luB
l)

[ ]

2 [=HuB
l + (=HuB

l)T] : 1
2
(uAuA l 2 uA

luA
l) + (uAuB l 2 uA

luB
l)

[ ]
(4)

with A and B representing any category of horizontal velocity,
defined in section 2b(2), with the condition that A Þ B. In
practice, the different coupled cross-scale KE flux are calcu-
lated as residuals based on the following relationships:

P
l
rot–div 5 P

l
2 P

l
rot 2 P

l
div, (5)

P
l
NWC–IGW 5 P

l
2 P

l
NWC 2 P

l
IGW, (6)

P
l
NWC_rot–IGW_rot 5 P

l
rot 2 P

l
NWC_rot 2 P

l
IGW_rot, (7)

P
l
NWC_rot–NWC_div 5 P

l
NWC 2 P

l
NWC_rot 2 P

l
NWC_div: (8)

The coupling between the different classes of motions in-
cludes a unique cross-scale KE flux term:

P
l
NWC_(rot–div)–IGW_(rot–div) 5 P

l
NWC–IGW 2 P

l
NWC_rot–IGW_rot

2 P
l
NWC_div–IGW_div: (9)

This term represents the interactions between the four different
classes of motions. It must not be mistaken for the net cross-
scale KE flux (P

l
), represented by the nonseparated (NWC plus

IGW) total (rotational plus divergent) velocities, which includes
interactions within and across individual classes of motions.

FIG. 4. Spatial structure of IGW (a)–(d) rotational and (e)–(h) divergent motions. Horizontal sections of rotational KE at two depths
[near-surface in (a) and 1000-m depth in (b)] and vertical sections of rotational KE for two vertical IGW structures [(c) depicts the section
of surface-intensified structures shown in (a); (d) depicts the section of deep-reaching structures shown in (b)]. Horizontal sections of
(e) near-surface divergent KE and (f) daily-averaged vertical velocity at 1000-m depth, and (g),(h) their vertical sections along the section
crossing deep reaching structures shown in (e) and (f). In (a), (b), (e), and (f), green contours show 0.25-, 0.5-, 0.75-, and 1-m isolines of
time-averaged sea surface height, and black contours show 1000- and 3000-m isobaths. Fields are plotted at a time step [except for the
daily averages in (f) and (h)] in the subregion shown in Fig. 2.
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3. Winter motions in the submesoscale range

In this section, we characterize the NWC and IGWmotions
present in the winter near-surface ocean at the submesoscale.
We first describe their governing dynamics and spatial struc-
ture in physical space. We then assess their spatiotemporal
scales.

a. Description in physical space

1) NONWAVE CURRENTS

NWC rotational and divergent motions in the submesoscale
range (lRd 5 75 km . L with lRd the Rossby deformation
wavelength in the Drake Passage) are represented in physical
space at a given time step, with near-surface horizontal sec-
tions of normalized strain (S/f) and KE, as well as vertical sec-
tions of KE (Fig. 3). Submesoscale NWC velocities are

determined using a combination of spatial and temporal filter-
ing. NWC velocities are high-pass filtered in time (cutoff fre-
quency of 1 day) and space (smoothing scale of 50 km, just
below lRd 5 75 km).

NWCmotions in the submesoscale range correspond to pri-
marily rotational eddies and to fronts including a rotational
and a divergent components (Figs. 3 and A1). Rotational
fronts have larger-scale spatial structures than divergent fronts,
and are the most energetic. They correspond to meandering
and elongated surface-intensified fronts, extending well beyond
the mixed layer base in the vertical.

A significant fraction of frontal areas}defined by the |0.5|
contour of normalized strain}have values of normalized
strain exceeding 1 (rotational 12%, and divergent 7%; from
orange to red values in Figs. 3a,d). This indicates that fronts
have short temporal scales, down to shorter than the inertial

FIG. 5. Spatiotemporal scales of winter NWC and IGW motions. Frequency–horizontal wavenumber spectra in the
Earth reference frame of near-surface KE for NWC (a) rotational and (b) divergent components and IGW (c) rota-
tional and (d) divergent components. Note that the spectra are in variance-preserving form. Black dotted lines show
internal gravity waves modal dispersion relationships (1st–10th vertical modes) computed for a stratification value di-
agnosed at the base of the mean mixed layer depth (200-m depth). White lines show characteristic spatiotemporal
scales.

J OURNAL OF PHY S I CAL OCEANOGRAPHY VOLUME 54196

Unauthenticated | Downloaded 07/04/24 12:12 AM UTC



period in the Earth reference frame (T , 1/f). This corrobo-
rates the need for Lagrangian filtering to separate submeso-
scale currents (NWC motions) from internal gravity waves
(IGW motions). The short temporal scales of submesoscale
fronts (T , 1/f) have been previously documented (Gula et al.
2014; Torres et al. 2022).

2) INTERNAL GRAVITY WAVES

IGW rotational and divergent motions in the submesoscale
range (lRd 5 75 km . L) are represented in physical space at
a given time step with horizontal and vertical sections of KE
and daily-averaged vertical velocity (Fig. 4). IGW motions
present in our numerical simulation include near-inertial mo-
tions, lee waves, and the internal wave continuum. The latter
is generated by interactions between the different oceanic
flows transferring KE of IGWs across spatiotemporal scales
(Olbers 1976; Olbers et al. 2020; Dunphy and Lamb 2014),
but note that the full internal wave continuum cannot be cap-
tured by our numerical simulation, which is hydrostatic and
lacks internal tides [cf. section 2a(1)]. The internal gravity
wave partitioning into rotational and divergent components
has been documented in previous studies (Bartello 1995; Torres
et al. 2018, 2022). Near-inertial waves and the internal wave
continuum have been shown to roughly evenly partition into
rotational and divergent components (Torres et al. 2018, 2022).
To our knowledge, the partitioning of lee waves into dynamical
components is unknown.

(i) IGW rotational motions

IGW rotational motions are consistent with a superinertial
wave continuum, near-inertial waves, and low-frequency lee
waves. The near-surface rotational KE shows elongated IGW
trains distributed ubiquitously across the domain, in the path
of or away from the mean circulation (Fig. 4a; the mean circu-
lation is represented by green contours of time-averaged sea
surface height). Most structures of the IGW train are not visi-
ble from rotational KE at 1000-m depth (Fig. 4b), suggesting
that most have a surface-intensified structure. Intense values
of KE are found at 1000-m depth in a specific area (628–618W
and 578–588S), located in the path of the mean circulation
(green contours) and in the vicinity of topographic roughness
(black isobaths), suggesting that there are IGW motions of
deep-reaching vertical structure in this area.

The vertical section of rotational KE across surface-intensified
IGW structures (black dotted line at 59.58W in Fig. 4a) shows
that most of the IGW trains extend through the near-surface
ocean [0–O(100) m] (Fig. 4c). This vertical structure is compati-
ble with wind-generated near-inertial motions (Alford et al.
2016). This interpretation is supported by the characteristic tem-
poral scales of the surface-intensified patterns of rotational KE.
An 87% root-mean-square error is found between subinertial
rotational KE (T . Tf; not shown) and rotational KE at the
time step of Fig. 4, indicating that the surface-intensified patterns
of rotational KE have superinertial frequencies.

The vertical section of rotational KE across deep-reaching
IGW structures (black dotted line at 61.58W in Fig. 4b) shows
that these structures correspond to bottom-intensified patterns

of rotational KE, which extend over the water column to the
surface (Fig. 4d). This vertical structure is compatible with
vertically propagating waves, such as lee waves (De Marez
et al. 2020; Baker and Mashayek 2021).

(ii) IGW divergent motions

IGW divergent motions are primarily consistent with low-
frequency lee waves. The near-surface horizontal section of
divergent KE displays hatched patterns, mainly located in
areas in the path of the mean circulation (Fig. 4e). The most
intense values of divergent KE are collocated with the rota-
tional KE patterns extending through the water column and
consistent with lee waves (628–618W and 578–588S; Figs. 4b,d).
In this area, the intense hatched patterns of near-surface di-
vergent KE are collocated with strong low-frequency vertical
velocities at 1000-m depth (Figs. 4e,f), suggesting that the two
patterns are vertically extensive. This is confirmed by vertical
sections, which show that the intense patterns of KE and low-
frequency vertical velocity have a bottom-intensified struc-
ture, which spans through the water column to the surface
(Figs. 4g,h).

The spatial correspondence between bottom-intensified
patterns of rotational and divergent KE and low-frequency
vertical velocities, intensified through the water column up to
the surface, supports the presence of lee waves in the near-
surface ocean. This suggests that lee waves might contribute
to near-surface turbulence, potentially shedding new light on
their role in near-surface dynamics. We discuss the possible
contribution of bottom-generated lee waves to near-surface
turbulence in sections 4 and 5.

In summary, submesoscale NWC motions correspond to
primarily rotational eddies and fronts with rotational and di-
vergent components. Submesoscale IGW motions primarily
consist of near-inertial motions and the internal wave contin-
uum that appear largely rotational at a given time step, as
well as for lee waves with rotational and divergent compo-
nents. We characterize the motions’ spatiotemporal scales in
the next section.

b. Description in terms of spatiotemporal scales

The spatiotemporal scales of rotational and divergent
components of NWC and IGW motions are assessed with
frequency–horizontal wavenumber spectra of near-surface
KE in the Earth reference frame (Fig. 5). See appendix D
for details of the computation of KE spectra.

1) NONWAVE CURRENTS

NWC rotational motions extend from the mesoscale, at large
spatial and long temporal scales (L�lRd 5 75 km;T�days), to
the submesoscale range, at intermediate spatial and temporal
scales (lRd 5 75 km�L. 3 km;day�T . 2 h) (Fig. 5a). This
is the most energetic class of motions of any spatiotemporal
scales, consistent with a typical winter near-surface regime
(Torres et al. 2022). The KE continuum of NWC rotational
motions in the mesoscale and submesoscale ranges (Fig. 5a)
points to the occurrence of strong nonlinear interactions that
transfer KE across spatiotemporal scales.
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NWC divergent motions are the most energetic in the
submesoscale range, but are less energetic than NWC rota-
tional motions of any spatiotemporal scales (Fig. 5b and ra-
tio of rot/div; not shown). Both NWC rotational and
divergent motions have a significant KE level at high fre-
quencies (T # Tf) in the Earth reference frame, as previ-
ously inferred from the normalized strain in physical space
(Figs. 3a,d).

2) INTERNAL GRAVITY WAVES

Variance-preserving frequency–wavenumber KE spectra
for rotational and divergent components of IGWs are largest
at small spatial scales (L # 30 km), where they form a KE
continuum across low and high frequencies (7 days . T . 2 h)
(Figs. 5c,d). At small spatial scales and high frequencies
(L # 15 km; T , Tf), the KE continuum is consistent with
the modal dispersion relationships of internal gravity waves
(Munk 1981) (black dotted lines in Figs. 5c,d). At small spatial
scales and low frequencies [L ; 15 km; T . O(1) day], the
KE continuum quantifies the contribution of lee waves to the
near-surface KE reservoir and has significant, but moderate,
magnitude. IGW have the greatest energy at high frequencies
(T # Tf). This suggests that near-inertial motions and the
superinertial internal wave continuum make a larger contribu-
tion to the near-surface KE reservoir than low-frequency lee
waves [T. O(1) day].

The divergent component of IGW is less energetic overall
than the rotational component across all frequencies (Figs. 5c,d).
Frequency–wavenumber KE spectra are statistically more
robust than our illustrative assessment of IGW in physical
space at a given time step; near-inertial waves and the internal
wave continuum show the largest amplitude for the rotational
component, and lee waves are noticeable in both the rotational
and divergent components (Figs. 4,5). This indicates that all
categories of IGW}near-inertial waves, the superinertial in-
ternal wave continuum, and low-frequency lee waves}have
a large rotational component and a significant divergent
component.

At large spatial scales and low frequencies, the distribution
of the KE of IGWs across spatiotemporal scales in our simu-
lation might be less energetic than in other datasets. This can
be explained by the forcing used in our numerical model (cf.
section 1). The lack of tidal forcing results in an absence of
internal tides, and the 6-h atmospheric forcing gives rise to a
weaker near-inertial wave field compared to observations
and numerical simulations forced with 1-h wind forcing
(Song et al. 2019; Arbic et al. 2022). This suggests that our
characterization of the contribution of IGWs to the winter
near-surface turbulent KE cascade at submesoscale could
vary in a more realistic forcing scenario. However, although
we may underestimate the net contribution of IGWs to the
turbulent KE cascade at the submesoscale, our characteri-
zation of the factors controlling their contributions}either
to inverse or forward turbulent cascades}remains valid (cf.
sections 4 and 5).

We note that the KE of IGW rotational and divergent com-
ponents forms a continuum across spatiotemporal scales and

does not exhibit prominent peaks at discrete inertial frequen-
cies (Figs. 5c,d), in contrast with other datasets (Torres et al.
2018; Lahaye et al. 2019; Torres et al. 2022; Naveira Garabato
et al. 2022). The dominance of an internal wave continuum
over peaks of KE at discrete frequencies has also been docu-
mented in another region of highly energetic mesoscale ocean
flows (Jones et al. 2023). This suggests that in such high-energy
regions, the modeled IGW field is shaped by nonlinear inter-
actions transferring KE across spatiotemporal scales, rather than
by a distinct external forcing. Wave–wave, wave–eddy, and
wave–mean interactions are known to scatter waves into smaller
spatial scales and to transfer their KE across spatiotemporal
scales (Olbers 1976; Olbers et al. 2020; Dunphy and Lamb
2014). The main KE sources for the internal wave continuum
are thought to be both inertial waves and internal tides
(Sugiyama et al. 2009) or primarily near-inertial waves (Le Boyer
and Alford 2021). Spontaneous emission of internal gravity waves
via loss of balance can also contribute to the KE continuum
found at the lower end of the submesoscale range (Vanneste
2013; Alford et al. 2013; Nagai et al. 2015; Shakespeare and
Hogg 2017).

The dominance of an internal wave continuum over peaks
of KE at discrete frequencies supports our use of offline
Lagrangian filtering to identify and isolate IGW. The internal
wave continuum would not be accurately identified with
methods based on the vertical structure of IGW (Torres et al.
2022), modal dispersion relationships of IGW (Torres et al.
2018; Qiu et al. 2018), or varying atmospheric forcing (Barkan
et al. 2021). This is consistent with a preceding study that
showed that 1) Lagrangian filtering is more accurate than
other methods based on frequency–wavenumber properties at
separating IGW from NWC motions in a high-energy region,
while 2) the different methods lead to similar results in low-
energy regions (Jones et al. 2023).

The frequency–wavenumber KE spectra have shown that
the zoo of motions in the winter near-surface ocean}eddies,
submesoscale fronts, near-inertial motions, lee waves, and
internal wave continuum of different governing dynamics}
have overlapping spatiotemporal scales, suggesting that they
interact and cause turbulent KE cascades in the submesoscale
range.

4. Winter turbulence across spatial scales

In this section, we characterize near-surface turbulence
across spatial scales. We first use horizontal wavenumber
spectra to infer the contributions of NWC and IGW motions
to submesoscale turbulence. We then assess the turbulent KE
cascade caused by NWC and IGWmotions.

a. Horizontal wavenumber spectra of KE

The contributions of the rotational and divergent compo-
nents of NWC and IGW motions to near-surface turbulence
are inferred with horizontal wavenumber spectra of KE aver-
aged over the 0–100-m layer (Fig. 6a). See appendix D for
details of the computation of KE spectra. The total KE
spectrum (plain blue line) characterizes the KE reservoir.
Most of the spectral power is contained in the mesoscale
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range (L . lRd 575 km), and decreases in the submesoscale
range (lRd 575 km . L) with a k22 power law. This value
is in line with predictions of turbulence theory (Boyd 1992;
Callies and Ferrari 2013), which is associated with dual inverse
and forward turbulent KE cascades in the presence of ageo-
strophic motions.

The total KE spectrum (plain blue line) is primarily under-
pinned by NWC rotational motions (dashed orange line)}
eddies and submesoscale fronts}at most spatial scales. Both
spectra follow similar power laws in the submesoscale range
(k22 and k22.3) and have comparable magnitudes (agreement

$ 77% at L $ 10 km). The differences between the two KE
spectra at the lower end of the submesoscale range are ex-
plained by IGW rotational (dotted orange line) and divergent
motions (dotted green line), corresponding to near-inertial
motions, lee waves, and the internal wave continuum. IGW
rotational and divergent KE spectra have similar magnitudes.
The spectral power increases with decreasing spatial scale and
reaches a maximum at the lower end of the submesoscale
range (L ; 10 km), where it 1) closely follows the Garrett–
Munk KE spectrum (plain gray line) and 2) contributes signif-
icantly to the KE reservoir (;13%).

FIG. 6. Winter turbulence in the submesoscale range. (a) Temporally averaged (over 30-day simulation period) and
spatially averaged (over 0–100-m layer) horizontal wavenumber KE spectra for all motions (thick blue line), NWC
motions (dashed lines), and IGW motions (dotted lines) decomposed into rotational (orange) and divergent (green)
components. Note that the 95% confidence limits are not shown, because they have a weak magnitude to be clearly
visible (15.80% of the horizontal wavenumber KE spectra). The k22, k23, and Garrett–Munk KE spectra (Munk
1981) are plotted as references in gray. (b)–(d) Temporally and spatially averaged cross-scale KE flux for all motions
(plain lines), NWC–NWC (dashed lines), IGW–IGW (dotted lines), and coupled NWC–IGW (dashed–dotted lines)
interactions. Cross-scale KE flux for different classes of interactions (blue lines) in (b) are decomposed into rotational
contribution (orange lines) in (c) and coupled rotational–divergent contribution (green lines) in (d). The shifting scale,
from upscale (,0) to downscale (.0) cross-scale KE flux, is shown in a thick gray line.
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The ratio of divergent to rotational KE components [O(0–0.2);
not shown] increases at the lower end of the submesoscale range
[O($ 0.1) at L # 9 km; not shown], indicating an increase of
the divergent component. The divergent KE component is
mainly explained by NWC motions}submesoscale fronts}
for L $ 10 km and by IGWmotions}near-inertial waves, the
internal wave continuum, and lee waves}for L # 10 km.
IGW divergent motions thus make a significant contribution
to the KE reservoir}although of secondary importance
compared to the NWC rotational motions}because they
dominate the divergent KE component in the range within
which the KE partitioning becomes significant.

In summary, the horizontal wavenumber KE spectra
indicate that NWC rotational, IGW rotational, and IGW
divergent motions, all significantly contribute to the KE
reservoir and turbulent regime in the submesoscale range.
The contribution of NWC rotational flows dominates at all
spatial scales, whereas that of IGW motions is focused at
small scales (L , 10 km). Next, we explicitly assess the turbu-
lent KE cascade at the near-surface.

b. Cross-scale kinetic energy flux

In this subsection, we first assess the net turbulent KE cas-
cade occurring at the near-surface, and then evaluate the indi-
vidual and coupled contributions of NWC and IGW motions
to the cascade. We conclude with a phenomenological de-
scription of these contributions.

1) NET CROSS-SCALE KINETIC ENERGY FLUX

(i) Spatiotemporally averaged cross-scale kinetic energy flux

The turbulent KE cascade at the near-surface is inferred from
the cross-scale KE flux averaged in time and space over the
0–100-m layer (thick blue line in Fig. 6b). The cross-scale KE
flux denotes an intense inverse turbulent cascade over most of
the submesoscale range (negative for L in the 8–75-km range)
and a weak forward turbulent cascade at the lower end of
the submesoscale range (positive for L # 8 km). The inverse
turbulent cascade is an order of magnitude larger than the
forward cascade, and extends over a broader range of spatial
scales. Thus, turbulence in the submesoscale range primarily
represents a KE source for the mesoscale range in the model.
The dual turbulent cascades, shown by the cross-scale KE
flux, are consistent with the horizontal wavenumber spectra
of KE (k22 over L in the 75–5-km range; Fig. 6a) and with the
wintertime turbulence documented in other oceanic regions
(Sasaki et al. 2014; Schubert et al. 2019; Ajayi et al. 2021;
Srinivasan et al. 2023; Naveira Garabato et al. 2022).

Inverse and forward turbulent cascades have different verti-
cal structures across spatial scales (Fig. 7c). Negative KE
fluxes are intensified through the near-surface (0–90 m) and
penetrate to greater depth. The deep vertical structure of the
inverse turbulent cascade is consistent with the barotropiza-
tion of mesoscale eddies described by turbulent theories
(Rhines 1977, 1979; Salmon 1980). Positive KE fluxes have a
shallow, surface-intensified vertical structure (most intense
in the 0–30-m depth range), which extends through the near-
surface (0–90 m). This is consistent with the structure of fronts,

identified as hotspots for the forward turbulent cascade in previ-
ous studies (Capet et al. 2008b; Schubert et al. 2020; Srinivasan
et al. 2023).

(ii) Magnitude of the upscale kinetic energy flux

The inverse turbulent cascade in the Drake Passage is par-
ticularly strong [O(1027

–1028) m2 s23] as compared to turbu-
lent cascades in other regions based on numerical simulations
processed with similar diagnostics of the cross-scale KE flux
[O(1028

–1029) m2 s23; Schubert et al. 2020; Srinivasan et al.
2023]. The order-of-magnitude stronger cascade in the Drake
Passage could be due to either 1) a more intense near-surface
submesoscale turbulence in this region or 2) the comparable,
but not identical, spatiotemporal resolutions of the modeled
flows between studies. Drake Passage in winter combines
highly energetic mesoscale and mixed layer turbulence, which
would be expected to result in a larger inverse turbulent cas-
cade than that of other oceanic regions of intense near-surface
turbulence, but low mesoscale turbulence (Capet et al. 2008a;
Sasaki et al. 2014; Dong et al. 2020; Schubert et al. 2020;
Naveira Garabato et al. 2022; Srinivasan et al. 2023). This hy-
pothesis is qualitatively supported by the cross-spectrum of
the vertical buoyancy flux, w′b′ , at 50-m depth (not shown),
which shows a continuous source of KE for NWC}likely due
to mixed layer baroclinic instability}across the 5–50-km
range, within which the clearest intensification of the upscale
KE flux is found. We will also show in section 5 that spatio-
temporal resolution is an additional factor in determining
the magnitude of both the inverse and forward turbulent
cascades.

2) SEPARATION OF NET CROSS-SCALE KINETIC ENERGY

FLUX CAUSED BY NWCS AND IGWS

(i) Spatiotemporally averaged cross-scale kinetic energy flux

NWC motions alone (dashed blue line) and NWC motions
interacting with IGW motions (dashed–dotted blue line)
contribute in different proportions to the two turbulent KE
cascades (Fig. 6b). The inverse turbulent cascade is primarily
caused by NWC–NWC interactions}eddies and submesoscale
fronts}and weakly caused by NWC–IGW interactions}eddies,
submesoscale fronts, near-inertial motions, lee waves, and the
internal wave continuum. The forward turbulent cascade is
caused by NWC–NWC and NWC–IGW interactions in roughly
similar proportions. Note that IGW–IGW interactions do not
cause a significant turbulent cascade [O(10210) m2 s23; blue
dotted line]. IGW significantly contribute to the cross-scale
KE flux only through interacting with NWCmotions.

The inverse turbulent cascade has been related to the
absorption of submesoscale eddies by mesoscale eddies
(Schubert et al. 2020), consistent with our result that inter-
actions between eddies and submesoscale fronts (the
NWC–NWC cross-scale KE flux) primarily effect an inverse
turbulent cascade. The forward cascade has been related
to frontogenesis (Capet et al. 2008b; Schubert et al. 2020;
Srinivasan et al. 2023). This is consistent with our findings that
NWC motions, including submesoscale fronts, are a main
component of the forward cascade because they contribute in
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two forms (via the NWC–NWC and NWC–IGW cross-scale
KE flux). An enhancement of the forward turbulent cascade
in the presence of IGW has been documented previously
(Thomas and Arun 2020; Thomas and Daniel 2021; Barkan
et al. 2021). Our results accordingly show that IGW motions,
including near-inertial motions, lee waves, and an internal
wave continuum, enhance the forward turbulent cascade by
about 43%. A recent study showed that interactions between
IGWs and mesoscale eddies could result in either a KE gain
or loss for mesoscale eddies (Cusack et al. 2020). This is
consistent with our result that interactions between eddies,

submesoscale fronts, and IGW (the NWC–IGW cross-scale
KE flux) contribute to both the inverse and forward turbu-
lent cascades.

(ii) Spatial distribution of the cross-scale kinetic energy flux

The contribution of NWC and IGW motions to the turbulent
KE cascade is not uniform in space (Fig. 7). In the horizontal
and vertical, the total cross-scale KE flux at 7 km corresponds to
positive and negative patterns that are surface-intensified, some
of which extend below the mean mixed layer base (Figs. 7a,d–i;
horizontal sections of the cross-scale KE flux are shown at 7 km,

FIG. 7. Spatial structures of cross-scale KE flux. (a),(b),(d),(e),(f) Horizontal sections of temporally averaged (over 30-day simulation
period) and vertically averaged (over 0–100-m layer) cross-scale KE flux at 7 km done by all motions in (a) and (b), NWC–NWC in (d),
coupled NWC–IGW in (e), and IGW–IGW in (f). The field in (b) is masked to emphasize frontal areas, defined from the 10215 (kg m24)2 s21

contours of frontogenetic tendency [Fs 5 2(­xr=Hu 1 ­yr=Hy) ? =Hr; with (u, y) the horizontal velocities and r the density]. (g)–(i) Vertical
sections at 57.758S [denoted by black dotted line in (d)–(f)] of temporally averaged cross-scale KE flux at 7 km done by NWC–NWC in
(g), NWC–IGW in (h), and IGW–IGW in (i). The mean mixed layer depth is shown by the black line. (c) Vertical section of temporally and
horizontally averaged total cross-scale KE flux. The shifting scale, from upscale (,0) to downscale (.0) KE flux, is shown by the thick gray
line. In (a), (b), and (d)–(i), the 7-km scale at which the horizontal and vertical sections of cross-scale KE flux are plotted is shown as a thin black
line. All fields are plotted in the subregion shown in Fig. 2.
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where both averaged NWC and coupled NWC–IGW contribu-
tions are positive and of comparable magnitude). The bulk of
the positive total KE flux (forward turbulent KE cascade) is
found in areas of positive frontogenetic tendency (fronts defined
as Fs . 10215 (kg m24)2 s21; Fig. 7b). The cross-scale KE flux
spatially averaged over frontal areas (3 3 1028 m2 s23) is posi-
tive and larger by about a factor of 4.5 than the domain average
(6.5 3 1029 m2 s23). This points to fronts as key foci of the
submesoscale forward cascade, occurring in the presence or
absence of waves.

The total cross-scale KE flux results from the combination
of NWC–NWC and NWC–IGW cross-scale KE flux, which
have signs that either locally cancel or accumulate (Figs. 7d–i).
The NWC–NWC cross-scale KE flux corresponds to elongated,
smooth horizontal patterns, consistent with submesoscale fronts
[section 3a(1)], and of fairly uniform magnitude across the
domain. The NWC–IGW cross-scale KE flux corresponds to
small-scale patterns, denoting the imprint of internal gravity
waves [section 3a(2)]. These patterns show no coherent struc-
ture and have heterogeneous magnitudes, with areas either of
lower or larger magnitude than the NWC–NWC contribution.
The IGW–IGW cross-scale KE flux is of lower magnitude, as
already shown from the temporally and spatially averaged KE
flux (Fig. 6b). It locally contributes to the positive cross-scale
KE flux at about 628W (Figs. 7f,i), but does not significantly
contribute to the total term overall (Fig. 6b).

In summary, NWC and IGW motions contribute to the in-
verse and forward turbulent cascades. This indicates that the
direction of the turbulent cascade is driven by a factor other
than the category of oceanic motions (NWC or IGW). To
separate the two turbulent cascades, we further decompose
NWC–NWC and coupled NWC–IGW cross-scale KE flux
into dynamical components in the next section.

3) SEPARATION OF UP/DOWN-SCALE KINETIC ENERGY

FLUX CAUSED BY NWCS AND IGWS

(i) Spatiotemporally averaged cross-scale kinetic energy flux

The decomposition of NWC and coupled NWC–IGW cross-
scale KE flux into dynamical components enables us to separate
the inverse and forward turbulent cascades (Figs. 6c,d). The
cross-scale KE flux for the different dynamical components
[all rotational motions, NWCrot–NWCrot, and NWCrot–IGWrot

in Fig. 6c; all rotational–divergent (rot–div) motions, NWCrot–

NWCdiv, and NWCrot–NWCdiv–IGWrot–IGWdiv in Fig. 6d]
do not change sign across spatial scales, such that each com-
ponent exclusively performs one turbulent cascade. The net
NWC–NWC and NWC–IGW cross-scale KE flux (Fig. 6b)
change sign, where a change of balance occurs between the
cross-scale KE flux of the different dynamical components
(Figs. 6c,d).

The inverse turbulent cascade (plain orange line) is mainly
caused by NWCrot–NWCrot interactions (dashed orange line)}
eddies and the rotational component of fronts}and more weakly
by NWCrot–IGWrot interactions (dashed–dotted orange line)}
eddies, rotational component of fronts, near-inertial motions,
lee waves, and the internal wave continuum (Fig. 6c). The for-
ward turbulent cascade (plain green line) is achieved in roughly

similar proportions by NWCrot–NWCdiv interactions (dashed
green line)}eddies and both components of fronts}and by
NWCrot–NWCdiv–IGWrot–IGWdiv interactions (dashed–dotted
line)}eddies and both components of fronts interacting with
near-inertial motions and both components of lee waves and
the internal wave continuum (Fig. 6d). Note that purely NWCdiv–

NWCdiv and NWCdiv–IGWdiv interactions do not significantly
contribute to the turbulent cascades [O(1029) m2 s23; not shown].

The decomposition of the cross-scale KE flux into dynamical
components refines our understanding of the turbulent KE
cascades (Capet et al. 2008b; Molemaker et al. 2010; Callies
and Ferrari 2013). The forward cascade is not due to diver-
gent motions alone, but occurs when divergent and rotational
motions are coupled. Rotational motions are therefore as
important as divergent motions for the forward turbulent
cascade, in agreement with a recent study by Srinivasan et al.
(2023).

(ii) Role of flow partitioning into rotational and divergent
components

The governing dynamics of motions (rotational versus coupled
rotational–divergent) explain the direction of the turbulent
cascade. The contributions of NWC and coupled NWC–IGW
motions to the turbulent cascade are therefore underpinned
by their partitioning into dynamical components. The partition-
ing of NWC motions into dynamical components indicates
that they are largely rotational [ K̂Ediv / K̂Erot about O(0–0.15);
Fig. 6a]. This causes the NWC-induced upscale KE flux
(NWCrot–NWCrot cross-scale KE flux: dashed orange line) to
overcome the NWC-induced downscale KE flux (NWCrot–

NWCdiv cross-scale KE flux: dashed green line) over most
spatial scales (Figs. 6b–d). The NWC-induced downscale KE
flux (NWCrot–NWCdiv cross-scale KE flux: dashed green line)
has a relatively constant magnitude across all spatial scales, but
it dominates the NWC-induced net turbulent cascade (NWC–
NWC cross-scale KE flux: dashed blue line) at L , 8 km, where
the partitioning of NWC into dynamical components indicates
an increase of the divergent component (̂ KEdiv / K̂Erot . 0:1 at
L, 10 km; not shown).

The IGW motions are close to being equipartitioned be-
tween rotational and divergent components [ K̂Ediv / K̂Erot in
O(0.1–0.5); Fig. 6a]. This results in an NWC–IGW upscale
KE flux (NWCrot–IGWrot cross-scale KE flux: dashed–dotted
orange line) and an NWC–IGW downscale KE flux (NWCrot–

NWCdiv–IGWrot–IGWdiv cross-scale KE flux: dashed–dotted
green line) of similar magnitudes, in contrast with the NWC
KE flux (dashed orange and green lines; Figs. 6b–d).

Wintertime near-surface turbulence is heterogeneous
across spatial scales (Figs. 6a–d). One class of motions}NWC
rotational motions, i.e., eddies and the rotational component
of submesoscale fronts}drives a large inverse turbulent cas-
cade, which dominates across most spatial scales (L . 8 km).
Interactions between all classes of motions}NWC rotational
and divergent motions, i.e., eddies, submesoscale fronts, and
IGW rotational and divergent motions, i.e., near-inertial mo-
tions, lee waves, and the internal wave continuum}cause a
forward turbulent cascade, which dominates at the lower end
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of the submesoscale range (L , 8 km). In the following, we
further our understanding of NWC–IGW and NWCrot–

NWCdiv interactions leading to a forward turbulent cascade.

4) DOWNSCALE KINETIC ENERGY FLUX CAUSED BY

NWC–IGW AND NWCROT–NWCDIV INTERACTIONS

Here, we evaluate the specific combinations of motions, in-
volved in NWC–IGW and NWCrot–NWCdiv interactions, that
lead to a downscale KE flux. We first document the KE flux
across the different motions}meaning which motion is either
dampened or energized}by decomposing the coupled cross-
scale KE flux into different types of coupling [Eq. (4)]. We
then evaluate the mechanism of the downscale KE flux by
attributing it to convergent or straining processes [Eq. (3);
Polzin (2010), Cusack et al. (2020), Srinivasan et al. (2023),
Freilich et al. (2023)].

(i) NWC–IGW interactions

The NWC–IGW downscale KE flux (blue dashed–dotted
line; Fig. 8a) takes the form of 1) a coupling between the gra-
dient of low-pass filtered IGW velocities and high-pass fil-
tered NWC–NWC and NWC–IGW stresses (gray dotted line;
69% of the NWC–IGW downscale KE flux), and 2) a cou-
pling between the gradient of low-pass filtered NWC veloci-
ties and high-pass filtered NWC–NWC and NWC–IGW
stresses (black plain line; 31% of the NWC–IGW downscale
KE flux). These results indicate that the NWC–IGW down-
scale KE flux primarily corresponds to a KE transfer 1) from
large-scale IGW motions to small-scale NWC and IGW mo-
tions, and 2) from large-scale NWC motions to small-scale

NWC and IGW motions. Our result shows that IGW can en-
ergize NWC in the submesoscale range via a forward turbu-
lent cascade. This key finding is the counterpart of the
previously described KE transfer from IGW to NWC in the
mesoscale range, via an inverse turbulent cascade (Cusack
et al. 2020).

The subsequent decomposition of cross-scale KE flux into
convergence and horizontal strain contributions [Eq. (3)]
shows that 1) the IGW to NWC–IGW downscale KE flux is
roughly evenly convergence- and strain-driven (43% and
57%; red and yellow dotted lines in Fig. 8a), and 2) the NWC
to NWC–IGW downscale KE flux is primarily convergence-
driven (red plain line in Fig. 8a). The result that convergence
is the main mechanism channeling KE of NWC and IGW
downscale is another element pointing toward fronts (oceanic
features of large convergence) as hotspots of NWC and IGW
interactions. This is also important for our understanding of
internal wave energetics. Divergence is usually assumed to
play a negligible role in channeling KE between internal
waves and nonwave currents, with strain considered as the
only substantial factor (Polzin 2010; Cusack et al. 2020). The
result that strain is a significant mechanism transferring KE of
IGW downscale indicates that straining of IGW can facilitate
energy transfers to submesoscale NWC.

For reasons of computational cost, we did not explicitly de-
compose the contributions of IGWrot, IGWdiv, NWCrot, and
NWCdiv to the NWC–IGW downscale KE flux, which represents
16 different couplings. However, we suggest that all components
may be important, since IGWdiv and NWCdiv should dominate
the leading-order convergence-driven NWC–IGW downscale

FIG. 8. Cross-scale KE flux caused by NWC–IGW and NWCrot–NWCdiv interactions. (a),(b) Temporally and
spatially averaged (over 30-day simulation period and 0–100-m layer) cross-scale KE flux for NWC–IGW motions in
(a) and NWCrot–NWCdiv motions in (b). Cross-scale KE fluxes are decomposed into the two types of coupling shown
in Eq. (4) (dotted gray lines and plain black lines) and into convergence and strain contributions shown in Eq. (3)
(red and yellow lines). The shifting scale, from upscale (,0) to downscale (.0) cross-scale KE flux, is shown in a thick
gray line.
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KE flux, and IGWrot could be of significance via the strain-
driven NWC–IGW downscale KE flux.

(ii) NWCrot–NWCdiv interactions

The NWCrot–NWCdiv downscale KE flux (green dashed
line; Fig. 8b) takes the form of a coupling between the gradi-
ent of low-pass filtered NWCrot velocities and high-pass fil-
tered NWCrot–NWCdiv and NWCdiv–NWCdiv stresses (black
plain line; 89% of the NWCrot–NWCdiv downscale KE flux).
This indicates that the NWCrot–NWCdiv downscale KE flux
primarily corresponds to a KE transfer from large-scale
NWCrot motions to small-scale NWCrot and IGWdiv motions.

The subsequent decomposition of cross-scale KE flux into
convergence and horizontal strain [Eq. (3)] reveals that the
NWCrot to NWCdiv downscale KE flux is exclusively strain-
driven (yellow plain line in Fig. 8b). This indicates that the
straining of NWCrot facilitates energy transfer to NWCdiv and
NWCrot. This is only partially consistent with Srinivasan et al.
(2023), who predicted and showed the equipartitioning of
downscale KE transfers caused by NWC motions between
convergent and strain components, using asymptotic theory
and a numerical simulation. However, it is fully consistent
with Freilich et al. (2023), who indicated the predominance of
shear strain at a front, associated with the total flow (NWC
plus IGW), within an observational snapshot.

Our characterization of winter submesoscale turbulence
shows that all classes of motions are required in order to com-
prehensively capture the effects of the turbulence (i.e., the in-
verse and forward turbulent KE cascades). This has direct
implications for the spatiotemporal resolution of motions
needed to infer the forward turbulent cascade occurring at
small scales. Spatiotemporal resolution considerations may
also be of importance for the inverse turbulent cascade, which
is mainly caused by NWC rotational motions that extend to
small scales (L$ 1 km; T$ 2 h in Fig. 5).

5. Sensitivity of winter turbulence to spatiotemporal
resolution of flow

In this section, we characterize the sensitivity of winter
near-surface turbulence occurring at the submesoscale to the
spatiotemporal resolution of motions. The winter turbulence
characterized in the previous sections represents our model
benchmark. Our model solves ocean dynamics down to 1 km,
with an effective resolution of about 5 km [cf. section 2a(1)].
At these spatial scales, the smallest period of flows resolved in
our model is hourly. This is based on the convergence be-
tween horizontal wavenumber spectra of KE and cross-scale
KE flux inferred from hourly averages and snapshots [agree-
ment of O(.75%); Fig. 9]. We therefore consider combina-
tions of spatiotemporal resolutions coarser than 1 km and 1 h
(referred to below as “measurement resolutions”), that we
classify, first, into coarser submesoscale scenarios and, then,
mesoscale-only scenarios. For simplicity, we consider the total
winter turbulence}inferred from the nonseparated (NWC plus
IGW) total (rotational plus divergent) modeled velocities}and
refer to the previous sections to interpret the results in terms of
classes of motion.

We analyze coarser spatiotemporal scenarios of winter
near-surface turbulence using horizontal wavenumber spectra
of KE and cross-scale KE flux inferred from model outputs
that were coarsened using offline temporal and spatial filter-
ing (Figs. 9a,b). The analysis of coarser scenarios against the
model benchmark requires the definition of an effective reso-
lution for coarser spatial, temporal, and spatiotemporal scales.
The effective resolution measures the numerical dissipation
range and is usually defined by the wavelength below which
the wavenumber KE spectrum sharply decreases, departing
from the submesoscale turbulent regime (k22; Skamarock
2004; Soufflet et al. 2016; Callies and Ferrari 2013). However,
this definition is not adequate for the temporally coarse sce-
narios, which at all scales show smoother spectral slopes than
the spatially coarse scenarios. In the spatially coarse scenarios,
the effective resolution corresponds to a 20% magnitude dif-
ference between the model’s benchmark (plain blue line) and
coarse wavenumber KE spectra (other-color lines; Fig. 9). We
use this alternative definition}based on a decrease of KE
magnitude}to infer an effective resolution in the temporally
coarsened scenarios. In addition, we infer the underestimation
of the inverse turbulent cascade in coarser scenarios by com-
paring the coarser cross-scale KE flux accumulated in the
50–8-km range to the model’s benchmark.

a. Coarser submesoscale scenarios

We first characterize the sensitivity of the winter near-surface
turbulence to coarser submesoscale scenarios (hourly/dx ; 5 km,
hourly/dx; 10 km, 6-hourly/dx; 1, 5 km; Fig. 9a,b).

1) HOURLY/DX ; 5 KM

The dx ; 5 km horizontal measurement resolution, corre-
sponding to a 15-km effective resolution (Fig. 9a), mostly im-
pacts IGW. It filters out and underestimates a significant part
of IGW rotational and divergent motions}the internal wave
continuum}and of NWC rotational motions}submesoscale
eddies and fronts}(Fig. 5). This results in a slightly weaker
KE partitioning into rotational and divergent components
at small scales (̂ KEdiv / K̂Erot , 0:15 at L , 10 km; not shown)
than for the model’s benchmark ( K̂Ediv / K̂Erot , 0:25 at
L , 10 km; not shown), because IGW motions explain most
of the divergent KE over this spatial range.

The characteristics of the dx ; 5 km horizontal wavenumber
spectra of KE (k22.1 power law in the 75–15-km range and
an underestimation of divergent KE component at L , 10 km;
Fig. 9a) suggest a turbulent regime consistent with submesoscale
turbulence, but a weaker forward turbulent cascade. This
is confirmed by the cross-scale KE flux (Figs. 9b and 10). The
dx ; 5 km resolution allows inference of a reasonably good
estimate of the inverse turbulent cascade (underestimation of
16% in the 50–8-km range compared to the model’s bench-
mark), but does not permit an inference of a reliable forward
turbulent cascade (weak downscale KE flux at L , 8 km,
below the effective resolution at L; 15 km).

The dx ; 5 km winter turbulence emphasizes the critical
role of NWC motions (submesoscale eddies and rotational
fronts) and IGW motions (the internal wave continuum) of
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small spatial scales (L , 15 km) in the forward turbulent cas-
cade. This indicates that 1) IGWmotions mainly contribute to
the forward cascade as an internal wave continuum in our
model, and 2) NWC rotational motions may also be important
for the forward turbulent cascade.

2) HOURLY/DX ; 10 KM, 6-HOURLY/DX ; 1 KM, AND

6-HOURLY/DX ; 5 KM

The dx ; 10 km and 6-hourly temporal measurement reso-
lutions (corresponding to a 30-km effective resolution; Fig. 8a)
correspond to scenarios mainly entailing NWC flows. They have
in common that they filter out and underestimate the most ener-
getic part of IGW rotational and divergent motions (the internal
wave continuum), a significant part of NWC rotational flows (sub-
mesoscale eddies and fronts) and a fraction of NWC divergent

motions such as submesoscale fronts (Fig. 5). The 6-hourly
measurement resolution results in a significantly larger KE
partitioning (̂KEdiv / K̂Erot , 0:40 at L , 5 km; not shown)
than that of the model’s benchmark (̂KEdiv / K̂Erot , 0:25 at
L , 5 km), indicating that the coarser temporal resolution
preferentially leads to rotational motions.

Coarse wavenumber KE spectra follow steeper power laws
than k22 in the 75–30-km range (Fig. 9a), suggesting turbulent
regimes at the transition between submesoscale turbulence
(k22; Callies and Ferrari 2013) and quasigeostrophic turbu-
lence (k23; Charney 1971). This is confirmed by the coarse
cross-scale KE flux (Figs. 9b and 10). Coarser submesoscale
resolutions (L . 10 km; T . 6 h) than used by the model
(L ; 1 km; T 5 1 h) result in an underestimated inverse turbu-
lent cascade (underestimation of 28%–30%; Figs. 9b and 10),

FIG. 9. Sensitivity of winter submesoscale turbulence to spatiotemporal resolutions. Temporally averaged (over
30-day simulation period) and spatially averaged (over 0–100-m layer) (a),(c) horizontal wavenumber KE spectra
and (b),(d) cross-scale KE flux, for different horizontal resolutions (dx ; 1, 5, 10, 20 km; different line lengths)
and temporal resolutions (hourly, 6-hourly, and daily averages; different line colors). The model’s benchmark
[dotted yellow lines in (a)–(d)] corresponds to hourly/dx ; 1 km resolutions. (top) Coarser submesoscale scenarios
are shown (hourly/dx ; 5, 10 km and 6-hourly/dx ; 1 km, 5 km resolutions). (bottom) Mesoscale-only scenarios
(hourly/dx ; 20 km, daily/dx ; 1 km resolutions and combinations of 6-hourly, daily averages and horizontal
dx ; 5, 10, and 20 km resolutions) are shown. In (a) and (c), k22, k23 power laws are plotted as references in
gray and the different effective resolutions are marked by vertical dotted black lines. In (b) and (d), the shifting
scale, from upscale (,0) to downscale (.0), is shown in the thick gray line.
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and a near-vanishing forward turbulent cascade (6-hourly/dx; 1,
5 km: underestimation of 80%–95%; or hourly/dx ; 10 km:
resolution coarser than the spatial range of the downscale KE
flux, at L# 8 km; Figs. 9b and 10).

The substantially modified winter turbulence for coarser
submesoscale scenarios highlights the key role of NWC
and IGW rotational motions of small spatiotemporal scales
(10 km $ L $ 1 km and 6 h $ T $ 2 h) in, both, the forward
(80%–95%) and inverse (up to 30%) turbulent cascades.
These results confirm that rotational motions are as important
for the forward turbulent cascade as for the inverse cascade.
Small spatiotemporal scales primarily contain rotational motions,
such that the limiting factor is thereby not the resolution of
the divergent component of motions (fronts and internal wave
continuum), but the resolution of NWC and IGW rotational
motions}eddies, fronts, and the internal wave continuum}

(Fig. 5). Spatiotemporal scales therefore appear to pose the
critical criterion for the occurrence of a forward turbulent
cascade; and the criterion of governing dynamics}involving the
increasing partitioning of KE into the divergent component}
plays a weaker role [cf. section 4b(3)].

The significant sensitivity of the forward and inverse turbu-
lent cascades to the spatiotemporal resolution of motions also
indicates that the different classes of motions play dynamical
roles of distinct importance. IGW motions are a major con-
tributor to the forward turbulent cascade in the form of the
superinertial internal wave continuum (T , Tf). This implies

that superinertial IGW contribute more to submesoscale turbu-
lence than near-inertial motions and low-frequency lee waves.
We may then conclude that bottom-generated lee waves, which
are quasi-stationary by definition, do not make a leading-order
contribution to submesoscale turbulence at the near-surface, as
previously suggested by the results of 1) lee waves accounting
for a large fraction of rotational and divergent KE at small
spatial scales (L , 15 km) and 2) the forward turbulent cas-
cade at small spatial scales being caused by coupled rotational–
divergent motions (Figs. 4 and 6).

A comprehensive understanding of the contributions of dif-
ferent classes of flows to near-surface turbulence is thus con-
tingent on the motions’ governing dynamics [section 4b(3)]
along with their spatiotemporal scales.

b. Mesoscale-only scenarios

Here we present in detail the winter near-surface turbulence
for the hourly/dx; 20 km and daily/dx; 1 km cases, which cap-
ture the upper bounds of the mesoscale range [L, Rd; 75 km;
L , O(days)] and are representative of all mesoscale-only
scenarios (hourly/dx ; 20 km; 6-hourly/dx ; 10, 20 km; and
daily/dx ; 1, 5, 10, and 20 km; Fig. 10). The dx ; 20 km and
daily measurement resolutions (corresponding to a 60-km
effective resolution; Fig. 9c) drastically impact all classes of
motion, with the exception of NWC rotational motions. These
scenarios filter out and largely underestimate all classes of motion
in the submesoscale range}IGW motions, i.e., near-inertial

winter

FIG. 10. Schematic of winter submesoscale turbulent regimes according to spatiotemporal measurement resolutions. Turbulent regimes
are classified in three categories: model’s benchmark (hourly/dx ; 1 km in white), submesoscale scenarios (hourly/dx ; 5 km;
hourly/dx ; 10 km; 6-hourly/dx ; 1, 5 km; in slight gray) and mesoscale-only scenarios (hourly/dx ; 20 km; daily/dx ; 1 km and
others in dark gray). A schematic of NWC and IGW motions: mesoscale eddies, submesoscale eddies, submesoscale fronts (all in
NWC) and IGWs are shown in order. Turbulence is assessed from the spectral slope (k2x; with x the power law), and the magnitude of
inverse (blue arrows) and forward turbulent cascades (red arrows) is compared to the model’s benchmark (%). Effective horizontal
resolutions are marked by dotted black lines and shifting scale}from inverse to forward cascade}with gray lines.

J OURNAL OF PHY S I CAL OCEANOGRAPHY VOLUME 54206

Unauthenticated | Downloaded 07/04/24 12:12 AM UTC



motions, lee waves, and the internal wave continuum, and
NWC motions, i.e., eddies and fronts (Fig. 5). NWC rota-
tional motions in the mesoscale range and the upper end of
the submesoscale range are adequately reproduced (L. 20 km;
T. 1 day).

Coarse horizontal wavenumber spectra of KE follow power
laws equal to or steeper than k23 in the 75–60-km spatial
range (Fig. 9c), suggesting turbulent regimes close to quasi-
geostrophic turbulence (Charney 1971). This is confirmed by
the cross-scale KE flux, which exhibits an inverse turbulent
cascade underestimated by $50% compared to the model
benchmark (Figs. 9d and 10).

The coarser submesoscale and mesoscale-only scenarios em-
phasize the large contribution of the submesoscale range to the
inverse turbulent cascade (Figs. 9b,d and 10). The full submeso-
scale range (Leff # 60 km; 1 day $ T $ 2 h) and the lower end
of the submesoscale range (Leff # 30 km; 6 h $ T $ 2 h, with
Leff the effective resolution) respectively account for about 50%
and 30% of the inverse turbulent cascade (Fig. 10). In a forth-
coming study, we will investigate the role of submesoscale cur-
rents as a potentially significant KE source for the mesoscale
eddy field in the Southern Ocean.

6. Summary and discussion

In this study, we have investigated the physics governing
the spatiotemporal scales of near-surface submesoscale turbu-
lence in the Drake Passage in winter. We first assessed the
contributions of nonwave currents (NWCs) and internal grav-
ity waves (IGWs) to submesoscale turbulence, after which we
characterized their energetic contributions in terms of govern-
ing dynamics}i.e., partitioning into rotational and divergent
components}and spatiotemporal scales. Our analysis used
an observationally verified high-resolution regional numerical
simulation, combined with an offline Lagrangian filter and a
Helmholtz decomposition to 1) separate the modeled flow
into classes of motions (NWC versus IGW) and 2) assess their
governing dynamics (rotational versus divergent). Our main
findings are summarized and their implications explored in
this section.

a. Contributions of NWC and IGW motions to the winter
submesoscale turbulence

In the region of the Drake Passage, the winter submesoscale
turbulence supports an inverse turbulent KE cascade at the
near-surface, over most spatial scales (lRd 575 . L . 8 km),
and a weak forward cascade, below 8 km (Figs. 6b and 7). The
submesoscale turbulence, therefore, mainly represents a KE
source for the mesoscale range (L. lRd 5 75 km) in this region
in wintertime. This is consistent with the seasonality of meso-
scale eddies}being the most intense in spring due to an inverse
submesoscale turbulent cascade in winter}documented in other
oceanic regions (Qiu et al. 2014; Sasaki et al. 2014; Uchida et al.
2017; Dong et al. 2020; Schubert et al. 2020).

Our analysis shows that both NWC and IGW motions con-
tribute to the inverse and forward turbulent KE cascades in
the submesoscale range (Figs. 6b and 7d,e,g,h). NWC motions
are responsible for most of the inverse turbulent cascade

(94%) and a significant fraction of the forward one (54%).
This is consistent with the views of submesoscale eddies caus-
ing an intense inverse turbulent cascade (Klein et al. 2019;
Schubert et al. 2020; Srinivasan et al. 2023) and substantially
energizing mesoscale eddies. IGW contribute significantly to
the forward turbulent cascade (43%) when coupled to NWC
motions. This is consistent with the view of internal gravity
waves acting mainly to enhance the forward cascade (Polzin
2010; Whitt and Thomas 2015; Barkan et al. 2017; Rocha et al.
2018; Thomas and Arun 2020; Thomas and Daniel 2021;
Barkan et al. 2021). One of our key findings is that the NWC–
IGW forward cascade is primarily caused by a transfer from
large-scale IGW to small-scale NWC and IGWmotions (Fig. 8a).
This result indicates that IGW can enhance the forward cascade
by energizing NWC and IGWmotions in the submesoscale range,
in addition to the previously documented processes of mesoscale
eddy dampening (Barkan et al. 2021).

Our analysis provides evidence that the contributions of
NWC and IGW motions to winter submesoscale turbulence
are driven by 1) their governing dynamics (partitioning into
rotational and divergent components) and 2) their spatiotem-
poral characteristics (Figs. 6c,d, 9, and 10). We have shown
that the governing dynamics set the direction of the turbulent
KE cascade, consistent with a recent modeling study (Srinivasan
et al. 2023). The inverse turbulent cascade is caused by the
purely rotational component of NWC and coupled NWC–IGW
motions, and the forward turbulent cascade is caused by interac-
tions between rotational and divergent components of NWCs
and coupled NWC–IGW motions (Figs. 6c,d). The NWC–NWC
forward cascade is mainly caused by a transfer from large-scale
NWCrot to small-scale NWCrot and NWCdiv motions (Fig. 8b).
Our analysis has also shown that the governing dynamics of mo-
tion are a necessary, but not sufficient factor to explain the con-
tribution of NWC and IGW motions to the turbulent KE
cascade. Coarsening of the spatiotemporal resolution of NWC
and IGWmotions decreases the magnitude of the two turbulent
cascades. Small spatiotemporal scales (L , 10 km; T , 6 h)
1) are mainly rotational (Fig. 5) and 2) account respectively
for most of (80%–95%) the forward cascade and a significant
fraction (30%) of the inverse cascade of turbulent KE (Figs. 9
and 10).

Our study gives a comprehensive and nuanced view of near-
surface submesoscale turbulence in the Drake Passage in winter-
time. We note that our quantification of the contributions of
NWC and IGW to the turbulent KE cascade at the submeso-
scale may be sensitive to our specific choice of region, season of
study, and model [cf. sections 2a(2) and 3b(2)]. However, we ar-
gue that our characterization of the factors controlling their con-
tribution remains valid overall. The inverse turbulent cascade is
caused by interactions between rotational submesoscale eddies
and the rotational component of fronts, of which small spatio-
temporal scales (L , 10 km; T , 6 h) represent a significant
fraction. The forward turbulent cascade is caused by interactions
between motions of small spatiotemporal scales (L , 10 km;
T, 6 h), which are significantly rotational and correspond to an
internal wave continuum, as well as submesoscale eddies and
fronts. Although lee waves represent a significant component
of the near-surface KE reservoir at small scales in our model
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(L , 15 km), our analysis suggests that they are not a signifi-
cant contributor to the forward turbulent cascade due to their
low frequency [T. O(day)].

b. Implications for observations and modeling

Our assessment of the sensitivity of winter submesoscale
turbulence to spatiotemporal resolution points to several
important implications for our dynamical understanding of
turbulent KE cascades and for the observational and modeling
strategies adopted to study it. We must note, however, that our
analysis is not exhaustive from a real-world perspective, be-
cause smaller scales not captured by our model (L , 1 km;
T , 1 h) may impact the magnitude and energy transfer prop-
erties of winter turbulence.

We have shown that the winter turbulent KE cascade is
strongly sensitive to spatiotemporal measurement resolution.
This indicates that all classes of flows should be resolved
or measured at higher spatiotemporal resolution (L , 10 km;
T , 6 h) than those considered in most regional studies to
diagnose winter turbulence comprehensively. This raises
questions about the comparability of regional studies (earlier
and ours) of submesoscale turbulence that were based on models
with different spatiotemporal resolutions, and therefore high-
lights gaps in our general understanding of near-surface sub-
mesoscale turbulence and dynamics at the global scale.

We have also shown evidence of the ergodic dynamics of
wintertime near-surface submesoscale turbulence, meaning
that temporally averaging flow properties is equivalent to av-
eraging them spatially. For modeling and observational prac-
tices, this indicates that temporal and spatial resolutions are
interdependent and should be considered together. The time
interval used to archive data is as important as the spatial res-
olution. The submesoscale turbulence inferred from coarse
temporal measurement resolution and high horizontal mea-
surement resolution (6-hourly/dx ; 1 km) is similar to that in-
ferred from a combination of coarse horizontal and temporal
measurement resolutions (6-hourly/dx ; 5 km) or from
coarse horizontal measurement resolution and high temporal
measurement resolution (hourly/dx; 10 km).

For modeling, high temporal measurement resolution re-
sults in large storage or computational costs, whether offline
or online strategies are used. Our results justify an online diag-
nostic to infer submesoscale turbulence from regional models or
a parameterization strategy. For observational approaches, the
high spatiotemporal resolution represents a challenge for mea-
surement technologies. For example, the SWOT mission, which
measures surface ocean topography on a global scale, combines
relatively high horizontal resolution (2-km gridded product)
with coarse temporal resolution (;20 day) (Morrow et al. 2019).
Our findings emphasize the need to complement SWOT data
with high spatiotemporal resolution in situ observations and
model output in order to advance the dynamical interpretation
of surface ocean observations.
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APPENDIX A

Lagrangian Filtering

a. Performing the Lagrangian filtering

Lagrangian filtering of the modeled oceanic fields in the
Drake Passage was performed using the open source python
package developed by Shakespeare et al. (2021). We filtered
the three-dimensional hourly-averaged horizontal velocity for
the whole period of the simulation considered in this work
(30 days). The package makes use of the framework of Ocean-
Parcels (Delandmeter and Sebille 2019) to compute fluid
parcel paths from velocities expressed in the Earth reference
frame. Particles are initially seeded at each grid point. They
are advected forward in time with a time step of 1 h over a
time window of 1 day, and horizontal velocities are saved
along the particles paths. This procedure is also done back-
ward. The forward and backward trajectories are then com-
bined to obtain the particles paths at a centered time and a
resolution close to that of the model grid. This procedure al-
lows to reduce sampling errors when interpolating variables
back into the model grid in regions of large divergent flows
(Shakespeare 2020; Jones et al. 2023). We used a filtering
window of width 61 day, following an approach that was
previously used for our numerical simulation of the Drake
Passage (Baker and Mashayek 2022) and which is based on
the assessment of the filtered field sensitivity to the filtering
window width presented by Shakespeare et al. (2021).

The Lagrangian filtering python package implements the
following steps: 1) fluid parcel paths are assessed using stan-
dard Lagrangian tracking algorithm, 2) oceanic fields are in-
terpolated to parcel paths, 3) fields are high-pass filtered
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along parcel paths and saved at the time-centered parcel
position, and 4) high-pass filtered fields are interpolated
back to the model’s grid. This procedure is repeated across
depths and time. The high-pass filtered fields, in the frame
of the flow, correspond to internal gravity waves (IGWs).
The low-pass filtered fields correspond to nonwave currents
(NWCs) and are obtained by subtracting the high-pass fil-
tered fields (IGWs) from the total fields.

b. Evaluation of Lagrangian filtering for separating IGWs
from NWCs

1) VORTICITY–STRAIN JOINT PROBABILITY DISTRIBUTION

FUNCTIONS FOR NWCAND IGWMOTIONS

We evaluate the separation of the modeled velocity field
into NWCs and IGWs, defined using the Lagrangian filtering
approach [section 2b(1); Shakespeare et al. (2021)], using a sta-
tistical analysis of the velocity gradient tensor of the two classes
of motions (Shcherbina et al. 2013; Rocha et al. 2016; Balwada
et al. 2021). The two-dimensional velocity gradient tensor can
be expressed in terms of the vertical component of relative vor-
ticity [z in Eq. (A1)], horizontal divergence [d in Eq. (A2)], and
strain [S in Eq. (A3)]:

z 5 ­xy 2 ­yu, (A1)

d 5 ­xu 1­yy , (A2)

S 5






































(­xu 2­yy)2 1 (­xy 1 ­yu)2

√
, (A3)

with u 5 (u, y) representing the horizontal velocity compo-
nents and =H 5 (­x, ­y) the horizontal component of the
gradient operator.

Inspired by the statistical analysis used in Shcherbina
et al. (2013), Rocha et al. (2016), Balwada et al. (2021), and
Jones et al. (2023), we evaluate the characteristics of NWC
motions using a joint probability distribution function of
vorticity and strain. Submesoscale currents correspond to
coherent features such as eddies, fronts, and filaments, which
have distinct signatures on vorticity, strain, and divergence
(Figs. A1b–d). Cyclonic eddies correspond to positive vorticity
values, but weak strain; and fronts correspond to large vortic-
ity, strain, and divergence values. Anticyclonic eddies are less
intense than cyclonic eddies, and they correspond to negative
vorticity of moderate magnitude. We extend the statistical
analysis to IGW motions in order to evaluate the efficiency of
the Lagrangian filtering at separating NWCs from IGWs.
IGWs do not correspond to coherent two-dimensional features
and are therefore not usually characterized using a vorticity–
strain joint probability distribution function. However, a study
showed that for near-surface turbulent regimes dominated by
IGW motions, the vorticity–strain distributions correspond to
weak values centered around the origin and distributed with-
out characteristic shape (Rocha et al. 2016; Jones et al. 2023).

Figures A1a and A1e show vorticity–strain joint proba-
bility distribution functions computed from the 30-day time
series of NWC and IGW near-surface velocities. Examples
of near-surface relative vorticity, strain, and divergence,

FIG. A1. Statistical characteristics of relative vorticity and strain for NWC and IGW motions. (a),(e) Vorticity–strain joint probability
distribution functions inferred from 30-day time series of near-surface NWC horizontal velocities in (a) and IGW horizontal velocities in
(e). Dotted black lines mark |S/f |56z/f . Note that the normalized strain corresponds to its absolute value. Horizontal sections of near-
surface (b),(f) normalized relative vorticity (z/f ), (c),(g) normalized strain (S/f ), and (d),(h) normalized horizontal divergence (d/f ) for
NWCmotions in (b)–(d) and IGWmotions in (f)–(h). Black contours show 1000- and 3000-m isobaths. Fields are plotted at a time step in
the subregion shown in Fig. 2.
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normalized by the Coriolis parameter, for NWC and IGW
motions are also shown at a time step (Figs. A1b–d,f–g).
The vorticity–strain distribution for NWC motions has the
characteristic shape of submesoscale currents (Fig. A1a),
which has been documented in different regions from obser-
vations and models (Shcherbina et al. 2013; Rocha et al.
2016; Balwada et al. 2021). The vorticity–strain distribution
is centered around the origin and extends along the lines of
|S| 5 6z, with a strong positive skewness. This shape depicts
fronts, which are characterized by strain of equal or larger
values than vorticity (Figs. A1b,c). The structural difference

between positive and negative vorticity (positive skewness)
indicates that cyclonic fronts and eddies are more intense
(Figs. A1b,c). This comes from intense anticyclonic vorticity
being unstable at submesoscale, which is not the case of cy-
clonic vorticity (Hoskins and Bretherton 1972; Shcherbina
et al. 2013).

The vorticity–strain distribution for IGW motions has a
squared shape, in contrast with NWC motions (Fig. A1e). The
vorticity–strain distribution is centered around the origin and
extends to values of uniform moderate magnitudes in all direc-
tions without showing distinct extrema. This is consistent with

FIG. A2. Frontogenetic tendencies from all motions and NWC velocities. Horizontal sections of time-averaged
(over 30-day simulation period) near-surface frontogenetic tendency [Fs 52(­xr=Hu1­yr=Hy ) ?=Hr; (kg m24)2 s21;
with (u, y) the horizontal velocities and r the density] inferred from (a) all motions and (b) NWC horizontal velocities.
Black contours show 1000- and 3000-m isobaths. Fields are plotted in the subregion shown in Fig. 2. (c) Scatter
distribution of (a) plotted as a function of (b), with R2 the linear correlation coefficient.
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IGW not accounting for coherent two-dimensional features
and corresponding to background wave trains of vorticity,
strain, and divergence patterns (Figs. A1f–h).

In summary, vorticity–strain joint probability distribution
functions for NWC and IGW motions have distinct shapes,
consistent with the typical characteristics of near-surface turbu-
lent regimes dominated by submesoscale currents and internal
gravity waves, respectively, which have been documented in
other oceanic regions (Shcherbina et al. 2013; Rocha et al.
2016; Balwada et al. 2021). It indicates that 1) NWC and IGW
classes of motions respectively account for the bulk of subme-
soscale currents and internal gravity waves, and subsequently
that 2) the Lagrangian filtering is a robust approach at separat-
ing the two classes of motions in the context of our regional
numerical simulation of the Drake Passage in winter.

2) FRONTOGENETIC TENDENCY FOR TOTAL AND

NWC MOTIONS

We further our evaluation of the separation of the modeled
velocity field into NWCs and IGWs [section 2b(1)] by compar-
ing the frontogenetic tendency inferred from total and NWC
velocities. The frontogenetic tendency [Fs 5 2(­xr=Hu 1

­yr=Hy) ? =Hr] measures the rate of intensification of buoyancy
gradients at fronts, and frontogenesis (positive values) should be
associated with submesoscale fronts (Hoskins 1982).

Figure A2 shows the time-averaged frontogenetic ten-
dency computed from total and NWC near-surface veloci-
ties, and their correlation in the all motions Fs–NWC Fs
space. NWC motions are the main contributor to the total
frontogenetic tendency, confirming that NWCs account for
the bulk of submesoscale fronts. Both forms of frontoge-
netic tendency show highly similar patterns and magnitudes
(Figs. A2a,b) and are highly correlated (Fig. A2c). The two
tendencies differ slightly from their magnitudes. The total
tendency has slightly higher positive magnitudes than the
NWC one, as shown from the moderate density of positive
values below the identity curve in the all motions Fs–NWC Fs
space. The magnitude difference points toward the contribu-
tion of IGWs in intensifying fronts. This indicates that IGWs
weakly enhance submesoscale fronts, as documented from in
situ observations and idealized numerical simulations (Alford
et al. 2013; Vanneste 2013; Nagai et al. 2015; Shakespeare and
Hogg 2017).

The good agreement between the total and NWC fronto-
genetic tendencies indicates that 1) NWC motions do the
bulk of frontogenesis and 2) are therefore primarily associ-
ated with eddies and submesoscale fronts, confirming the
robustness of the Lagrangian filtering approach in the con-
text of our numerical simulation. Note that vorticity, strain,
and frontogenetic tendency are used to evaluate the separa-
tion of NWC from IGW (Figs. A1 and A2), but it would
not be suitable to base a separation method upon these var-
iables. Indeed, NWC and IGW motions differ from their
probability density functions of vorticity–strain and fronto-
genetic tendencies (Figs. A1a,e and A2c), but not from the
magnitude and sign of raw vorticity, strain, and fronto-
genetic tendencies (Figs. A1b–d,f–h and A2a,b), making

separation methods based on values of these variables inad-
equate. Another issue with any separation methods in the
Earth reference frame is that they do not bypass the Doppler
shifting, which modulate the propagation of IGW and there-
fore do not allow to accurately isolate IGW and NWC in the
Earth reference frame (Shakespeare et al. 2021).

APPENDIX B

The Computation of Helmholtz Decomposition

The Helmholtz decomposition of the modeled flows in the
Drake Passage was performed by solving a Poisson equation
for the divergence of the horizontal velocities using Dirichlet
boundary conditions (Gula et al. 2014; Srinivasan et al.
2023). We decomposed the three-dimensional NWC and IGW
horizontal velocities for the whole period of the simulation
(30 days).

Before the Helmholtz decomposition is performed, hori-
zontal velocity fields are interpolated on a regular Cartesian
grid. The Poisson equation is solved for the divergence of
the two-dimensional horizontal velocities, at one depth and
at a time step. This procedure is repeated across depths and
time. Rotational (nondivergent) velocities are obtained by
subtracting divergent velocities from the total velocities.

APPENDIX C

The Computation of Cross-Scale Kinetic Energy Flux

Cross-scale KE flux were computed at the near surface
(0–100-m depth) using the coarse-graining approach with re-
spect to spatial scales (Aluie et al. 2018; Schubert et al. 2020;
Srinivasan et al. 2023). The procedure to compute cross-scale
KE flux is the following: 1) two-dimensional (x, y) horizontal
components of velocity [u(x, y), y(x, y)] are interpolated on a
regular Cartesian grid, 2) velocities and quadratic velocities
(u2, y2, uy) are low- and high-pass spatially filtered, for a given
cutoff spatial scales, using a top-hat kernel, and 3) cross-scale
KE flux are computed by combining the different filtered vari-
ables. The procedure is repeated over depths, time, and differ-
ent cutoff spatial scale (l 5 1, 2, 3, 4, 5, 10, 15, 20, 25, 30, 40,
50, 75, and 100 km).

The coarse-graining method is a local approach that allows
us to estimate cross-scale KE flux in the physical space. This
approach was preferred relative to the spectral approach, be-
cause it relies on fewer approximations (no approximations of
isotropic and homogeneous turbulence). The KE spectra
(Figs. 5 and 6a) and cross-scale KE flux (Figs. 6b–d, 7c, and 8)
presented in this study are interpreted jointly knowing that the
cutoff spatial scale, used for the coarse-grained method, corre-
sponds to half the wavelength for the spectral analysis.

APPENDIX D

The Computation of Kinetic Energy Spectra

Spectral analyses were performed in two-dimensional fre-
quency (v in the Earth reference frame) and wavenumber
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(K) spaces and one-dimensional wavenumber (K) space, in
a subdomain of the Drake Passage (large enough to resolve
wavelengths in the range 2–150 km) and for the whole pe-
riod of the simulation (long enough to resolve frequencies
in the range from 2 h to 25 days). Horizontal velocities are
preprocessed before computing KE spectra. Velocities are
interpolated onto a regular Cartesian grid. The mean and
linear trends in time (t) and horizontal space (x, y) are re-
moved from the three-dimensional velocities (t, x, y), which
are then multiplied by a three-dimensional Hanning win-
dow conserving energy density.

The procedure to compute frequency–wavenumber KE
spectra is the following: 1) a discrete three-dimensional
Fourier transform (v, k, l; with k, l the zonal and meridio-
nal wavenumbers) is computed for the two components of
preprocessed horizontal velocities, 2) Fourier transforms
are converted into power spectral densities and azimuthally
averaged over k and l, to transform three-dimensional spectral
densities into two-dimensional spectral densities (v, K; with K
the isotropic wavenumber), and 3) frequency–wavenumber
spectra for kinetic energy are then obtained by combining
spectra of the horizontal velocities.

The procedure to compute horizontal wavenumber KE spec-
tra is similar to the procedure for frequency–wavenumber KE
spectra. The computed Fourier transform is two-dimensional
(k, l) and the procedure is repeated across time. The time-
averaged wavenumber KE spectra are obtained by averaging
the spectra for each time step.
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