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Science question
ØSouthern Ocean > 60% of heat and > 25% of CO2ant uptake

- Uptake processes ?
- Transfer processes ?

- A few standing meanders where	the	ACC	encounters	rough	
topography are known to play crucial	role	

3-dimensional survey of a standing meander 
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Mid-October to mid-November 2018 Cruise

Shorter	time	and	space	scales	
processes	within	the	tortured	
large	scale	ACC
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Mid-October to mid-November 2018 Cruise

Plan :
- Deployment of a fleet of 

EM-APEX profiling floats
- Deployment of drifters
- 88 full depth CTDs
- 33 Microstructure Vertical 

Profiles
- 400km of Triaxus cont. 

profiling (0-300m)
- Deployment of mooring
- Station repeat several times 

over inertial cycles
- +BGC sampling

- High Res Model
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Sub-mesoscale in the Sub-Antarctic Front 
what preparation for the SWOT Satellite ?
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Actions :
- SWOT meeting
- 2018 Cruise plan
- SWOT validation Science Plan
- Feed experience from 2018 cruise into 

SWOT validation science plan
- Prepare MNF application for April 

2019 (or earlier)
- evaluate possibilities / develop plan of 

measurements :
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Actions :

- SWOT meeting ☆
- 2018 Cruise plan ☆
- SWOT validation Science Plan
- Feed experience from 2018 

cruise into SWOT validation 
science plan

- Prepare MNF application for 
April 2019 (or earlier)

- Evaluate possibilities /
develop plan of measurements :

- Maximize the Science impact
- Optimize the relevance to / 

benefit from SWOT

- Ideally the big cruise during 
the 1d cal/val phase

- Mitigate the timing of 
science operations with 
season, satellite schedule, 
ship schedule

Challenges :
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Actions :

- SWOT meeting ☆
- 2018 Cruise plan ☆
- SWOT validation Science Plan
- Feed experience from 2018 

cruise into SWOT validation 
science plan

- Prepare MNF application for 
April 2019 (or earlier)

- Evaluate possibilities /
develop plan of measurements :

- Maximize the Science impact
- Optimize the relevance to / 

benefit from SWOT

- Ideally the big cruise during 
the 1d cal/val phase

- Mitigate the timing of 
science operations with 
season, satellite schedule, 
ship schedule

Challenges :

Plan to maximize the success through adversity
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- Moorings
- CTDs
- Triaxus/seasor/toyo…
- Drifters, what kind ?
- ARGOs, what kind ? classic, BGC, EM-APEX, deep floats ?
- Gliders ?
- AUVs ?
- BGC ?
- Other in situ (air/sea, etc..)?
- Other remote sensing validation/use ?
- Second ship to do the fast profiling ?
- …

Evaluate possibilities / develop plan of measurements :

Any idea, contribution, aim to collaborate : benoit.legresy@csiro.au
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and suggest this reflects the
tendency for equivalent baro-
tropic structure in this region.
Chereskin et al. [2010] analyzed
data from a hydrographic sur-
vey in the southeast Pacific.
They found the depth inte-
grated (barotropic) current
from lowered ADCP to be par-
allel to the 150 m (surface) cur-
rent from shipboard ADCP in
the Subantarctic front. Using
optimal mapping of the survey
data, they examined the
depth-integrated vorticity bal-
ance and conclude that the
leading-order balance between
advection of planetary and rel-
ative vorticity is consistent with
an exponential equivalent bar-
otropic structure with a vertical
decay scale of 1980 m. Based
on 4.5 years of repeat ship-
board ADCP transects, Firing
et al. [2011] conclude that the
time-mean ACC at Drake Pas-
sage is equivalent barotropic

down to 1000 m depth. They use an EOF analysis to show that approximately 47–70% of the variance in
velocity is explained by the first empirical mode. They also point to the self-similar nature (strong vertical
coherence) in an average stream function composed of all 4.5 years of data.

In summary, studies using time series data from moored arrays find significant rotations of the current flow
through the water column, both instantaneously and in the time mean. These records often also show
strong vertical coherence in velocity and temperature, indicating that self-similarity in the vertical does not
preclude rotation of horizontal velocity with depth. Other studies, mainly from hydrographic surveys, tend
to find that the ACC has an equivalent barotropic structure. Assessing all of these studies, we conclude that
there is no consistent view of the ACC’s vertical structure or its tendency to be equivalent barotropic, pri-
marily due to the lack of detailed velocity measurements.

3. Observations

3.1. Sources of Data
3.1.1. EM-APEX Profiling Floats
The primary data set used in this study was collected by eight EM-APEX (EM, Electromagnetic Autonomous
Profiling EXplorers) profiling floats deployed at the northern edge of the Kerguelen Plateau where the ACC
is forced to deviate northward around this relatively shallow topography (Figure 2). We deployed the EM
floats, and 24 additional Argo floats, as part of the SOFINE (Southern Ocean Fine Structure) Project: an
observational campaign to measure all terms in the momentum balance of the ACC at the Kerguelen stand-
ing meander. The EM floats were deployed at the western (upstream) edge of the survey region across a
broad range of dynamic heights. They drifted eastward with the ACC while the ship survey also progressed
from west to east. The EM floats returned observations of the 3-dimensional ACC horizontal velocity and
density structure with unprecedented vertical and horizontal resolution for this region.

The EM-APEX is an innovative development in instrumentation combining the mature technologies of the
Absolute Velocity Profiler [Sanford et al., 1978] and the robust Argo profiler. It provides the opportunity to
sample the ocean’s velocity field remotely and inexpensively and with high spatial and temporal resolution.

Figure 2. Location of the SOFINE experiment at the northern Kerguelen Plateau. Positions
of the CTD/LADCP profiles (white circles) are marked along the ship track. Each profile posi-
tion along the eight EM-APEX trajectories is shown (colored circles, identified in legend).
Color shading is the bathymetry (m) from Smith and Sandwell [1997]. Colored contours from
north to south mark the location of the northern (gray), central (pink), and southern (green)
branches of the Subantarctic Front, and the northern Polar Front (brown) based on Sokolov
and Rintoul [2009] sea surface height (SSH). Weekly and mean front positions (fine and
heavy lines, respectively) are shown for AVISO SSH anomalies over the period 18 November
2008 to 14 January 2009 added to the Gouretski and Koltermann [2004] mean dynamic
height of 100 dbar relative to 2500 dbar.
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Abstract We examine the vertical structure of the horizontal flow and diagnose vertical velocities in the
Antarctic Circumpolar Current (ACC) near the Kerguelen Plateau using EM-APEX profiling floats. Eight floats
measured horizontal velocity, temperature, and salinity profiles to 1600 dbar, with a vertical spacing of 3–5
dbar four times per day over a period of approximately 3 months. Horizontal velocity profiles show a com-
plex vertical structure with strong rotation of the velocity vector through the water column. The distribution
of rotation angles from 1247 profiles is approximately Gaussian and rotations of either sign are equally
likely. Forty percent of profiles with speed greater than 5 cm s21 have a depth-integrated rotation of less
than 15 degrees over 1300 dbar, while the other 60% demonstrate significantly stronger rotation. Conse-
quently, most profiles do not conform to the equivalent barotropic model (deep flow parallel and propor-
tional to the surface flow) used in simplified dynamical models and in Gravest Empirical Mode climatologies
of the ACC. Nevertheless, since we find the mean rotation to be zero, an equivalent barotropic assumption
is valid to first order. Vertical velocities inferred using conservation of mass and a gradient wind balance in
natural coordinates have magnitudes on the order of 100 m/day. We find robust patterns of upwelling and
downwelling phase-locked to meanders in the flow, as found in earlier studies. With the advent of high-
resolution observations such as those presented here, and high-resolution models, we can advance to a
more complete understanding of the rich variability in ACC structure that is neglected in the equivalent bar-
otropic model.

1. Introduction

A long-held view of the Southern Ocean circulation is that the Antarctic Circumpolar Current (ACC) has an
equivalent barotropic structure in the time mean. That is, the flow at all depths is parallel and proportional
to flow at the surface (Figure 1). This structure was first noted by Killworth [1992] in a 6 year mean of simula-
tions from the Fine Resolution Antarctic Model (FRAM). He found that fluctuations in the 6 year average
eastward flow (and kinetic energy) in FRAM had similar structure from one depth level to the next, decaying
in amplitude with increasing depth. Killworth [1992] also pointed to this self-similar characteristic in direct
current measurements at Drake Passage [Bryden, 1979; Sciremammano, 1979] as evidence that the equiva-
lent barotropic structure is a feature of the real ACC.

The equivalent barotropic model requires a geostrophic balance so that eddy and nonlinear terms are
neglected [Hughes and Killworth, 1995]. Geostrophy allows rotation of the current through the linear vortic-
ity balance (i.e., a beta-spiral), as pointed out by Hughes and Killworth [1995]. However, such a rotation can
not appear in the equivalent barotropic formulation, unless horizontal velocity goes to zero, and vertical
motion must consequently also be small [Hughes and Killworth, 1995]. Since beta spirals are excluded in the
equivalent barotropic formulation [Hughes and Killworth, 1995], the evidence supporting an equivalent baro-
tropic structure in the real ACC implies that beta spiralling is weak or nonexistent in the ACC. Bryden [1976]
shows that for a steady, geostrophic flow, horizontal advection of temperature can be represented as a
function of speed and turning (rotation with depth) of the horizontal current: no turning of the current as in
the equivalent barotropic formulation implies there is negligible horizontal advection of temperature, which
is essential for the meridional overturning circulation. The authors of the equivalent barotropic formulation
make it clear that it represents a first-order approximation, and much dynamical complexity is ignored in
the interests of diagnosing the main controls on the dynamical system. The consequences of this

Key Points:
! EM-APEX observations reveal

detailed vertical structure of ACC
velocity
! Rotation of horizontal velocity with

depth is not equivalent barotropic
! Strong vertical motion is tied to the

phase of meanders in the ACC
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simplification are noted in the
concluding paragraph of Kill-
worth and Hughes [2002]:‘‘In
this theory, the leading-order
solution is the ACC; the global
thermohaline circulation is but
an O(!) correction to it.’’
(! ! 0:2).

This simplified, linear frame-
work for the ACC lead to the
development of linear or quasi-
linear models that produced
current structure and trans-
ports similar to the ACC in

FRAM. Their computational efficiency permitted the investigation of the leading-order dynamical balances
of the ACC [Krupitsky et al., 1996; Ivchenko et al., 1999; Hughes and Killworth, 1995; Killworth and Hughes,
2002]. LaCasce and Isachsen [2010] review the success of these and other linear models in describing ACC
dynamics. They conclude that although the ACC is generally believed to be a fully nonlinear system, the
equivalent barotropic model is a compelling one for application to and understanding of the ACC. The
equivalent barotropic structure has also been used to great advantage to map ocean properties using the
Gravest Empirical Mode (GEM) technique applied to hydrographic data [Sun and Watts, 2002; Meijers et al.,
2011a, b]. Studies that use GEM to determine the baroclinic component of the flow (shallow in Figure 1)
often include a barotropic (deep) component from a direct velocity measurement that may or may not align
with the baroclinic flow.

The time-varying ACC is rich with mesoscale eddies. Eddies have long been recognized as an important
component in closing the Southern Ocean momentum balance through Interfacial Form Stress [Johnson
and Bryden, 1989], and in transporting heat across the ACC [Bryden, 1979; Bryden and Heath, 1985; Phillips
and Rintoul, 2000], which is required for balancing Ekman and deep geostrophic transports to close the
Meridional Overturning Circulation. Observations of the vertical structure of eddies has shown them to be
associated with turning of the horizontal current [Tracey et al., 2006; Chereskin et al., 2009]. The baroclinic
instability mechanism, a likely source of eddies in the ACC, also requires turning of the current with depth.
Thus, the time-varying ACC is expected to deviate from EB downstream of major topographic features
where eddy activity tends to increase [Morrow et al., 1992].

Defining the true vertical structure of velocity in the real ACC is complicated by the dearth of subsurface in
situ velocity observations. Isolated moorings [Sciremammano, 1979; Bryden, 1979; Bryden and Heath, 1985;
Phillips and Rintoul, 2000; Sekma et al., 2013], one-off, and repeated ADCP transects from hydrographic lines
[Donohue et al., 2001; McCartney and Donohue, 2007; Chereskin et al., 2010; Firing et al., 2011; Damerell et al.,
2013], and a single array combining inverted echo sounder and horizontal electric field recorders to map
absolute velocity [Tracey et al., 2006] provide the best in situ observations of the ACC’s velocity structure.
Some of these studies conclude that the observations reveal an equivalent barotropic structure, although
the metrics used to define such structure vary widely. They range from approximate self-similarity in time
series at different vertical levels to a vorticity dynamics argument. Other studies find that the deep flow is
not aligned with the surface flow. We summarize the results of these studies in the next section.

In this study, we present a unique collection of synchronous velocity, temperature, and salinity profiles in
the ACC at the northern edge of the Kerguelen Plateau. This paper is the first in a series that provides a
detailed description of the time-dependent flow of the ACC across a range of spatial and temporal scales
from Ekman spirals [Roach, 2014] and internal waves [Meyer, 2013] through to the mesoscale (this paper). In
this paper, the 1247 profiles are used to examine the vertical and lateral structure of 3-D velocity along float
trajectories moving with the ACC. The semi-Lagrangian float sampling provides an unprecedented view of
the evolution of velocity and tracer structure within the ACC, contrasting the more common cross-stream
view from hydrographic transects and moorings [Phillips and Rintoul, 2002; Meinen et al., 2003]. We use
these data to test the order one assumptions of the equivalent barotropic framework: that the deep flow is
parallel and proportional to the surface flow, and that vertical motion is small. In section 2, we summarize

Figure 1. The change in direction of flow from a deep current vector to a shallow one, and
the associated vertical shear vector in (a) an equivalent barotropic flow, and (b) a nonequi-
valent barotropic flow, where the angle between deep and shallow current is a 6¼ 0.
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Mesoscale to Submesoscale Wavenumber Spectra in Drake Passage

CESAR B. ROCHA, TERESA K. CHERESKIN, AND SARAH T. GILLE

Scripps Institution of Oceanography, University of California, San Diego, La Jolla, California

DIMITRIS MENEMENLIS

Earth Sciences Division, Jet Propulsion Laboratory, California Institute of Technology, Pasadena, California

(Manuscript received 13 May 2015, in final form 4 December 2015)

ABSTRACT

This study discusses the upper-ocean (0–200m) horizontal wavenumber spectra in the Drake Passage from
13 yr of shipboard ADCP measurements, altimeter data, and a high-resolution numerical simulation. At
scales between 10 and 200 km, the ADCP kinetic energy spectra approximately follow a k23 power law. The
observed flows are more energetic at the surface, but the shape of the kinetic energy spectra is independent of
depth. These characteristics resemble predictions of isotropic interior quasigeostrophic turbulence. The ratio
of across-track to along-track kinetic energy spectra, however, significantly departs from the expectation of
isotropic interior quasigeostrophic turbulence. The inconsistency is dramatic at scales smaller than 40 km. A
Helmholtz decomposition of theADCP spectra and analyses of synthetic and numericalmodel data show that
horizontally divergent, ageostrophic flows account for the discrepancy between the observed spectra and
predictions of isotropic interior quasigeostrophic turbulence. In Drake Passage, ageostrophic motions appear
to be dominated by inertia–gravity waves and account for about half of the near-surface kinetic energy at
scales between 10 and 40 km. Model results indicate that ageostrophic flows imprint on the sea surface, ac-
counting for about half of the sea surface height variance between 10 and 40 km.

1. Introduction

We investigate the governing dynamics at mesoscales
to submesoscales in the upper ocean, with focus on the
partition between geostrophic and ageostrophic flows.
Specifically, we analyze upper-ocean kinetic energy
and sea surface height (SSH) variance spectra in the
Antarctic Circumpolar Current (ACC) using 13 yr of
shipboard ADCP measurements in Drake Passage,
complemented by satellite altimeter products and a 1-km
numerical simulation with embedded tides.
This paper extends recent studies in the Gulf Stream

(Wang et al. 2010; Callies and Ferrari 2013, hereinafter
CF13; Bühler et al. 2014) to the Southern Ocean, where
differences in dynamical regimes and scales are expected.
In particular, the ACC is organized in multiple fronts
(e.g., Nowlin et al. 1977), and the combination of relatively
high latitude and weak stratification results in a mean

deformation radius of ;16km and restricts the internal
wave continuum to a rangeof periods from;20min to 14h.
Following CF13, we employ two main diagnostics:

spectral slopes of one-dimensional, along-track wave-
number spectra and the ratio of across-track to along-
track kinetic energy (KE) spectra. These diagnostics are
applied to in situ velocity measurements (section 3),
synthetic data (section 5), and a 1-km primitive equation
numerical model (section 6). Following Bühler et al.
(2014), we split the one-dimensional KE spectra into
rotational and divergent components and into inertia–
gravity wave and geostrophic flow components (sections
3 and 6). We further separate both synthetic and model
velocity into horizontally divergent and rotational parts,
and we compute KE and SSH variance isotropic spectra.
We find that the upper-ocean KE spectra in Drake

Passage are consistent with isotropic, interior, quasi-
geostrophic (QG) turbulence masked by horizontally
divergent, ageostrophic flows. These ageostrophic mo-
tions are likely dominated by inertia–gravity waves and
project onto horizontal scales as large as 150 km but are
more significant at scales between 10 and 40km where
they account for about half of the KE. Model results
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stitution of Oceanography, University of California, San Diego,
9500 Gilman Dr., MC 0213, La Jolla, CA 92093.
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tides have a propagation speed of ;1.5m s21 (see sec-
tion 7) and are likely aliased. We assess the effects of the
aliasing of high-frequency motions on spectral slopes
using data from a numerical model (section 6). More-
over, removing barotropic tides using estimates from a
shallow-water model constrained to satellite altimeter
data [TOPEX/Poseidon, version, 7.2 (TPXO7.2); up-
dated from Egbert et al. (1994)] does not change the
ADCP spectral characteristics in Drake Passage; theM2
constituent dominates the tidal signal, with currents at
the instrumental noise level (,2 cm s21). The spectra
presented here include barotropic tides.
We select 800-km-length, gap-free transects; no in-

terpolation is performed. For each transect, at each depth,
the velocity components are rotated onto an along-track/
across-track coordinate system. We then remove the
spatial mean and linear trend, multiply each transect by a
Hanning ‘‘spectral window,’’ and compute the discrete
Fourier transform; results are insensitive to the choice of
window. We repeated the calculations mirroring each
transect to make it periodic. Spectra of ‘‘periodized’’
transects are indistinguishable from the prewindowed
spectra within error bars. The spectra are corrected for
the variance removed by the window. We do not remove
the low-resolution gridded mean; removing the mean
changes the spectra only at scales larger than ;200km.
We form spectral estimates bymultiplying the Fourier

coefficients by their complex conjugate and averaging
over all realizations in three different layers (26–50, 58–
98, and 106–202m). Climatologically, the mean mixed
layer depth (MLD) in Drake Passage is ;40 6 10m in
summer and;1206 30m in winter, with deeper MLDs
north of the Polar Front [Argo mixed layers; dataset
produced by Holte et al. (2010) and Holte and Talley
(2009)]. Hence, the deepest layer considered in this
study is deeper than the ML except in some realizations
in winter. The weak stratification in Drake Passage,
however, makes MLDs difficult to determine; different
methods lead to inconsistent MLDs, particularly north
of the Polar Front (Stephenson et al. 2012). Because of
this caveat, we avoid discussing the results in terms of
ML/pycnocline motions; we explicitly state the range
of depths in each layer. Finally, Ekman currents are
relatively small in Drake Passage (,2 cm s21) and decay
significantly in the upper 50m (Lenn and Chereskin
2009) and therefore are likely present only in the 26–
50-m layer.
Given the length of transects and resolution of the

reduced data, the ADCP KE spectra resolve horizontal
variability at scales spanning 1.03 1021 cyclesperkilometer
(cpkm; 10 km; Nyquist scale) to 1.25 3 1023 cpkm
(800 km; fundamental scale) with spectral resolution
of 1.25 3 1023 cpkm. Formal errors are obtained

FIG. 1. (a) Gridded mean (vectors) and eddy kinetic energy
(colors) from ADCP data at 26m (uppermost bin). The black line
depicts the mean position of the Polar Front [1993–2013, updated
from Sallée et al. (2008)]. (b) Segments of tracks from AltiKa al-
timeter. (c) Subdomain of llc4320 simulation used in this study.
Colors represent a snapshot of surface vertical vorticity normalized
by the local inertial frequency.
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subrange approximately follow a power law between k22
h

and k23
h in the 106–202-m layer (Fig. F1).

In summary, a small (but systematic) steepening in KE
spectrumwould bepresent in the upper 200m if SQGflows
dominated the upper-ocean variability in Drake Passage.
Both ADCP and model KE spectra lack such systematic
depth dependence (see sections 3 and 6) and therefore are
inconsistent with predictions of SQG turbulence.
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FIG. F1. Depth dependence of SQG-like KE spectra in the range
of scales resolved by the ADCP data. The surface spectra follow
a k25/3

h power law. The vertical dependence is computed from the
SQG solution’s vertical structure for each kh given the global av-
erage stratification from the cDrake experiment. Colors represent
spectra in different layers used in computing theADCP and llc4320
spectral estimates.
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Stationary Rossby waves dominate 
subduction of anthropogenic 
carbon in the Southern Ocean
C. E. Langlais 1, A. Lenton1,2,3, R. Matear1, D. Monselesan  1, B. Legresy  1,2, E. Cougnon  2,4 
& S. Rintoul1,2,3

The Southern Ocean has taken up more than 40% of the total anthropogenic carbon (Cant) stored in 
the oceans since the preindustrial era, mainly in subantarctic mode and intermediate waters (SAMW-
AAIW). However, the physical mechanisms responsible for the transfer of Cant into the ocean interior 
remain poorly understood. Here, we use high resolution (1/10°) ocean simulations to investigate these 
mechanisms at the SAMW-AAIW subduction hotspots. Mesoscale Stationary Rossby Waves (SRWs), 
generated where the Antarctic Circumpolar Current interacts with topography, make the dominant 
contribution to the Cant transfer in SAMW-AAIW in the Indian and Pacific sectors (66% and 95% 
respectively). Eddy-resolving simulations reproduce the observed Cant sequestration in these layers, 
while lower spatial resolution models, that do not reproduce SRWs, underestimate the inventory of Cant 
in these layers by 40% and overestimate the storage in denser layers. A key implication is that climate 
model simulations, that lack sufficient resolution to represent sequestration by SRWs, are therefore 
likely to overestimate the residence time of Cant in the ocean, with implications for simulated rates of 
climate change.

By sequestering more than 25% of anthropogenic CO2 emissions every year, the oceans mitigate the rate of cli-
mate change1,2. The Southern Ocean in particular is an important contributor to anthropogenic carbon (Cant) 
sequestration, accounting for approximately 40% of the total ocean uptake1,3,4. Despite the importance of the 
Southern Ocean, the physical mechanisms responsible for carbon exchanges between the well-ventilated surface 
mixed-layer and the ocean interior and the pathways by which carbon (natural and anthropogenic) is sequestered 
into the ocean interior remain poorly understood2,5–7. At present our understanding of carbon uptake and storage 
is based on sparse observations and coarse resolution models6,8,9. There is a need to evaluate how eddies may alter 
the uptake and storage.

In the Southern Ocean density surfaces shoal southwards across the ACC, which exposes dense waters to 
the atmosphere and connects the surface layer with the ocean interior. Heat, oxygen and Cant are efficiently 
taken up by the ocean near the Polar front because the upwelled waters are constantly transported away from 
the uptake zone through Ekman transport10. Further north, waters sinking on the northern flank of the ACC 
transfer oxygen, heat and Cant into the ocean interior along isopycnal layers that deepen as the water moves 
north. This transfer, called subduction, is the rate-limiting step for the sequestration of Cant in the deep ocean8. 
Subduction of Subantarctic mode and Antarctic intermediate waters (SAMW-AAIW) constitutes the upper limb 
of the global overturning circulation and makes the largest contribution to the uptake and storage of Cant by the 
Southern Ocean9,11,12. Subduction does not happen uniformly along the circumpolar outcrop of density surfaces. 
Bathymetrically constrained hotspots control the pathways connecting the well-ventilated mixed-layer and the 
ocean interior8,13. Understanding the mechanisms behind the localized subduction is of great importance as the 
ability of the ocean to sequester and store Cant is set by this exchange8,14–17. Sallée et al.8 showed that the interplay 
of the horizontal transport with variations in winter mixed-layer depth (i.e. lateral induction) produced localized 
subduction hotspots. However, this conclusion was based on coarsely gridded time-averaged observations of the 
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present in 1° resolution models, but with small amplitude (Supplementary Information Fig. 1e). Coarse resolution 
ocean simulations have only weak SRWs (Fig. 2a and b in42), resulting in little contribution to Cant subduction 
(Supplementary Information Fig. 7). Higher resolution captures the important gradients that define fronts, jets 
and sharp horizontal and vertical structures (Supplementary Information Fig. 1). Hence, barotropic and baro-
clinic instabilities are better modelled and the destabilization of the sharp jets generates eddies, allowing for more 
eddy-mean flow non-linear interactions. As a consequence, the core of the standing meanders can be accelerated 
by convergence of eddy kinetic energy28. In this way, mesoscale eddies maintain the standing meanders down-
stream of topographic obstacles, which may affect the amplitude of the waves and then indirectly contribute 
to Cant subduction. While the impact of transient eddies on large scale circulation can be parameterized in low 
resolution simulations43,44, their effect on frontogenesis is not. Therefore, eddy-resolving resolution is needed to 
represent sharp jets, SRWs and the potential eddy-mean flow interaction.

In both high- and low-resolution simulations and observation-based estimates, advection is the dominant 
mechanism for the transfer of Cant through the base of the winter mixed-layer, with the lateral induction term 
dominating over vertical subduction. However, changes in resolution modify where and how advection operates. 
In the high-resolution model, SRWs subduct Cant on the southern sides of the deep mixed-layer pools where 
SRWs interact with the sloping mixed-layer base. In low-resolution models and estimates based on sparse obser-
vations, the Cant subduction occurs predominantly at the eastern and western end of each basin, and on the 
northern side of the deep mixed-layer. Transport mechanisms do not operate in the same manner in high- and 
low-resolution ocean.

It is the misalignment between the meandering ACC jets and the base of the mixed-layer that is central to the 
SRWs-induced transfer described here (Fig. 4). Specifically, horizontal transfers in and out of the mixed layer 
occur because of a shallowing and deepening of the mixed layer along the jet (Fig. 4b). We hypothesise that the 
change of mixed layer depth along the jet is due to cross-frontal transfer induced by the rotation of the horizon-
tal flow with depth along the meander as previously described29,45. The departure from equivalent barotropic 
behaviour in the meander of the ACC jet causes the horizontal velocity to rotate to the right in the upper ocean 
and then to the left in the intermediate water during the northward deviation, in a process called backing. In the 
upper ocean the slight rotation to the right causes the transport of “warm” surface water across the ACC jet. The 

Figure 4. Schematic of the Stationary Rossby Wave-induced anthropogenic carbon transfer: 3 different views 
of the transfer: horizontal plan (a), vertical section along the meandering jet (b) and 3D view (c). The meander 
and the base of the mixed-layer are not aligned (a), with a shallowing and deepening of the mixed layer along 
the jet (b). The change in mixed layer along the jet is due to warm (cold) water intrusion near the surface during 
the northward (southward) deviation of the meander. These intrusions result in a misalignment between the 
jet and surface isotherms (a). The interaction of the meander with the base of the winter mixed layer transfers 
fluid in and out of the ocean interior (blue arrows). Cant–rich waters are injected below the mixed layer during 
the downwelling/northward deviation of the meander, and Cant-low water are pushed out of it during the 
upwelling/southward deviation (pink arrows in (b), which result in a net flux of Cant into the interior (red 
arrows in b and c). Figures are plotted using Adobe photoshop (http://www.adobe.com/au/products/photoshop.
html?promoid=V6NZKW75&mv=otherl).
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opposite is true during the southward deviation and is called veering (Fig. 4a). This warm or cold water transport 
across the ACC jet in the upper ocean modifies the upper ocean stratification and the mixed layer depth along the 
jet. As a consequence, the base of the mixed layer, that delimits Cant–rich waters, is not aligned with the meander-
ing jet, and Cant–rich waters are injected in the SAMW-AAIW density layer below the mixed layer. Once in the 
interior, Cant–rich waters are mixed along their density layer. Backing and veering can have a substantial influence 
on cross-frontal poleward heat fluxes when integrated over the water column29,45. Here we show that they can also 
influence the alignment of the based of the mixed layer with the meandering ACC jets, influencing flux into the 
ocean interior.

As SRWs are only adequately resolved in the high resolution simulation (Supplementary Information Fig. 
1,42), the transfer mechanisms act on slightly different density classes in the high- and low-resolution models and 
the amount of Cant injected into the different density classes changes with model resolution. The high-resolution 
model transports almost twice as much Cant into the ocean interior in the 26.8–27.3 density range (Supplementary 
information Table 1). To assess the ocean interior distributions, we compare the inventory of Cant in density 
classes with the observed values36 (Fig. 5). Due to how the high-resolution biogeochemical model was initialised 
(1992, see Methods), the 1995 GLODAPv1 Cant inventory is compared with the 2014 Cant inventory in the models, 
focussing on the inventory away from the surface (below 100 m). Both the observations and high-resolution sim-
ulation have a well-defined peak in Cant storage at a density of 26.8 kg m3 (Fig. 5). While the total amount of Cant 
in the Southern Ocean and the partitioning per latitude are quite similar between models and the observations (as 
in46) (Supplementary Information Fig. 9), the density distribution is better represented by the high-resolution 
model than the low resolution model (Fig. 5). The storage maximum occurs at higher density in the low-resolution 
simulation, and Cant is distributed across a broader range of densities (26.8 to 27.5 kg m3) (Fig. 5). The density shift 
is directly linked with the subduction processes in the low resolution model which act on denser density classes 
and occur in different locations than in the high resolution model. As a result, we find an underestimation of Cant 
inventory (≈ 40%) in the 26.8 to 27 kg.m−3 density range in the low resolution model compared to observations. 
This result is consistent with too little subduction in this density range in low resolution climate models used in 
the Intergovernmental Panel on Climate Change 4th and 5th Assessment Reports47,48. The underestimate of water 
mass formation has previously been linked to the effect of transient eddies in the Northern Hemisphere49, or to a 
misrepresentation of the mixed layer50. Here we show that SRWs, largely absent in low resolution climate models, 
are required to reproduce the observed distribution of Cant as a function of density in the Southern Ocean.

These results also have implications for Cant pathways and residence times. As the low resolution model sub-
ducts Cant on denser isopycnals, the Cant inventory is deeper in the water column and south of where it is in the 
high resolution simulation, especially in the Pacific (Supplementary Information Figs 4 and 5). This denser and 
deeper pool of Cant in the coarse resolution simulation is then more isolated from the Cant-rich subtropical mode 
waters, which are lighter than 26.5 in all the models experiments and observations (Supplementary Information 
Fig. 5). Transfers between SAMW and subtropical waters are thought to be critical for the global carbon cycle9. A 
lighter ventilated layer in the high resolution model would probably result in more connection with the subtrop-
ical waters. Once injected into the ocean interior, the Cant distribution is controlled by along-isopycnal flow in 
large scale gyres that cover hundreds of kilometres (grey contours in Fig. 2g). Different water masses will ventilate 
the deep ocean at different time scales from decadal to centennial and resurface in different regions51,52.

Figure 5. Cant inventory distribution per density classes: inventory between 30°S and the PF for comparison 
between GLODAP36 (grey bars), 1/10° model (red bars) and 1° model (blue bars) (see Supplementary Notes 1 
for more details about inventories per basins). Due to how the biogeochemical models were initialised (1992, 
see Methods), the 1995 observations are compared with the 2014 Cant inventory in the models, focussing on the 
inventory away from the surface (below 100 m). While the total amount of Cant in the Southern Ocean is quite 
similar in all models and observations, the low resolution model underestimates by 40% the Cant sequestered in 
the 26.8 to 27 density layers, due to sequestration in denser density classes.). Figures are plotted using MATLAB 
R2015a (http://www.mathworks.com/).
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These observations raise a number of intriguing questions. For ex-

ample, are the submesoscale meanders generated locally through an in-
stability of the filament or fronts, and if so, what is the source of their
energy? Why do the meanders appear very close to the center of the
ACC jet, and how does the jet influence their formation and evolution?
Do the submesoscale currents enhance subduction of surfacewater?We
will address these questions here.

FRONTAL INSTABILITY
To address the first of the questions listed above, we analyzed the linear
stability of an idealized representation of the observed density and
velocity, which forms the “basic state.” The idealized density section
(black contours, Fig. 1B, bottom) consists of two opposing fronts in a
100-m-deep mixed layer. Below the mixed layer is a pycnocline with
a weaker horizontal density gradient and a large vertical stratification.
The velocity is taken to be in thermal wind balance with the density field,
with the addition of a broad ACC jet perpendicular to the buoyancy
gradient with a sinusoidal shape, a wavelength of 50 km, and amaximum
velocity of 1.2 m s–1 (dashed line, Fig. 1B, top). The idealized section is
assumed to be independent of the along-streamdirection (parallel to the
ACC jet), and the curvature of the front is neglected. Further details of
the idealized section are given in the Supplementary Materials.

The Seasoar section (Fig. 1B) has small regions with fq < 0, where
q≡ð f k̂ þ zÞ⋅∇b is the potential vorticity, f is the Coriolis parameter, k̂
is the local vertical unit vector, z =∇ × u is the relative vorticity, and b is
the fluid buoyancy. As a result, conditions at the fronts are favorable for
symmetric instability (10, 11). However, the motion associated with
symmetric instability is, by definition, independent of the along-front
direction (12), and hence, symmetric instability is unlikely to cause the
observedmeanders. To restrict our analysis to other possible instabilities,
we exclude symmetric instability by adding a constant stratification to
the basic state with a buoyancy frequency ofN0 = 2.5 × 10− 3 s− 1, which
is sufficient to ensure fq > 0.

Despite the idealizations introduced above, the stability analysis is
still complicated by the fact that the basic state is two-dimensional with
variation in the cross-streamand vertical directions, rendering the equa-
tions describing the evolution of linear perturbations nonseparable. To
overcome this problem, we use a time-stepping method to isolate the
most unstable features. The velocity and density are first decomposed
into background and perturbation components

uðx; y; z; tÞ ¼ !uðy; zÞî þ u′ðx; y; z; tÞ;
rðx; y; z; tÞ ¼ !rðy; zÞ þ r′ðx; y; z; tÞ ð1Þ

where x, y, and z denote the along-stream, cross-stream, and vertical
directions, and the overbar denotes the background state.We further
decompose the perturbation variables using a Fourier transform, for
example

u′ðx; y; z; tÞ ¼ ûðk; y; z; tÞeikx ð2Þ

where _̂ denotes the complex amplitude associated with along-stream
wave number, k. Because linear perturbations evolve independently,
each Fourier mode can be solved separately. We timestep the equa-
tions describing the evolution of the complex amplitude until the
fastest growing instability is isolated with a constant exponential
growth rate. Further details of this method are provided in the Sup-
plementary Materials.

The most unstable features develop along the outer front with an
along-front wavelength of about 12.5 km (Fig. 2A). This is consistent
with the observed spacing betweenmeanders and supports the hypoth-
esis that these features are generated through a submesoscale instability.
The kinetic energy associated with the most unstable perturbations
grows via the buoyancy flux (solid red line, Fig. 2A), indicative of mixed
layer instability (MLI), an ageostrophic baroclinic instability (13). The
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Submesoscale Rossby waves on the Antarctic
circumpolar current
John R. Taylor,1* Scott Bachman,2 Megan Stamper,1 Phil Hosegood,3 Katherine Adams,4

Jean-Baptiste Sallee,5 Ricardo Torres6

The eastward-flowing Antarctic circumpolar current (ACC) plays a central role in the global ocean overturning circu-
lation and facilitates the exchange of water between the ocean surface and interior. Submesoscale eddies and fronts
with scales between 1 and 10 km are regularly observed in the upper ocean and are associated with strong vertical
circulations and enhanced stratification. Despite their importance in other locations, comparatively little is known
about submesoscales in the SouthernOcean.Wepresent results fromnewobservations,models, and theories showing
that submesoscales are qualitatively changed by the strong jet associatedwith the ACC in the Scotia Sea, east of Drake
Passage. Growing submesoscale disturbances develop along a dense filament and are transformed into submesoscale
Rossbywaves, which propagate upstream relative to the eastward jet. Unlike their counterparts in slower currents, the
submesoscale Rossby waves do not destroy the underlying frontal structure. The development of submesoscale in-
stabilities leads to strong net subduction of water associated with a dense outcropping filament, and later, the sub-
mesoscale Rossby waves are associated with intense vertical circulations.

INTRODUCTION
The Antarctic circumpolar current (ACC) transports water between the
major ocean basins and forms the linchpin of the globalmeridional over-
turning circulation (1). The ACC is composed of a series of intercon-
nected jets, each associated with abrupt changes in density, or fronts.
The Subantarctic Front (SAF) and Polar Front (PF) are the strongest cli-
matological fronts associated with the ACC. Here, deep density surfaces
(or isopycnals) outcrop to the sea surface, providing a pathway along
which water can upwell to the ocean surface, exchange heat, carbon,
and oxygen with the atmosphere, and return to the ocean interior (2).
The Southern Ocean is a significant sink for anthropogenic carbon and
heat (3, 4). Southern Ocean fronts and their associated jets and eddies
also represent a potential source of energy to drive enhanced submeso-
scale activity. Although submesoscales are active in the SouthernOcean
(5, 6), their structure and dynamics have not been fully characterized.

OBSERVATIONS
The first attempt to directly observe the three-dimensional structure of
submesoscales in the Southern Ocean was made as part of the Surface
MixedLayer Evolution at Submesoscales (SMILES) project from18April
2015 to 22 May 2015 in a region east of Drake Passage in the Scotia Sea.
During the cruise, a large northward meander of the SAF (Fig. 1A) was
sampled at high resolution using towed bodies, a ship-mounted acoustic
Doppler current profiler, and surface drifters. The meander was first
surveyed with 25 sections between 25 and 40 km in length made with
a towed SeaSoar instrument during a time when the meander broke
off to form an isolatedmesoscale eddy (7). A transect through the north-
ern edge of themeandermade on 9May, before the eddy formation pro-
cess, shows two opposing fronts surrounding a cold, dense filament (Fig.

1B). The “outer” front is associated with a very sharp temperature
contrast, which is partially compensated by salinity. The “inner” front
with a smaller temperature change is associated with a larger density
gradient.

The cold filament and its associated fronts are embedded in a very
fast current flowing clockwise around themeander. The current is near-
ly depth-independent over the upper 200 m. The top panel in Fig. 1B
shows the velocity projected onto the direction perpendicular to the sec-
tion and averaged in the upper 200 m. We will refer to this as the ACC
jet. Although the ACC jet is wider than the fronts that it contains, the
vertical component of the relative vorticity is large, ranging from −0.4f
to 0.5f, where f is the local Coriolis frequency.

High-resolution satellite imagery on 11 May indicates the presence
of submesoscale meanders of the sharp temperature gradient asso-
ciated with the developing meander (Fig. 1A). Qualitatively similar
features have been observed before, notably along the Gulf Stream,
where they have been called “shingles” and “tongues” (8, 9). Here,
the observed features have wavelengths of 5 to 15 km and are em-
bedded in a broad current with speeds in excess of 1 m s−1, making
them difficult to observe with traditional methods due to the fast time
scales associated with their advection. Immediately after completing a
Seasoar surveyof the newly formed eddy,we repeatedly sampled a fixed
line across the fronts with the towedmoving vessel profiler (MVP) (Fig.
1A). The winds were relatively weak during the Seasoar section and at
the start of the MVP survey (with wind stress, t < 0.1 N/m2), although
the wind became strong at the end of theMVP survey (t≃ 0.25 N/m2).
A time series of the wind stress and direction is shown in the Supple-
mentary Materials.

The MVP observations confirmed the presence of submesoscale
meanders along the sharp temperature front. To visualize the approx-
imate three-dimensional structure of the temperature field, we adopt a
frozen field hypothesis and convert the time of each section into an “ad-
vected distance” by multiplying the time elapsed since the first section
by a constant velocity characteristic of the depth-averaged velocity in
the mixed layer (1.2 m s–1). The result, shown in Fig. 1C, suggests that
themeanders have a spacing of 5 to 15 km. Themeanders extend to the
base of the mixed layer (120 to 160 m), with evidence of intrusions of
cold water crossing to the warm side of the thermal front.
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These observations raise a number of intriguing questions. For ex-

ample, are the submesoscale meanders generated locally through an in-
stability of the filament or fronts, and if so, what is the source of their
energy? Why do the meanders appear very close to the center of the
ACC jet, and how does the jet influence their formation and evolution?
Do the submesoscale currents enhance subduction of surfacewater?We
will address these questions here.

FRONTAL INSTABILITY
To address the first of the questions listed above, we analyzed the linear
stability of an idealized representation of the observed density and
velocity, which forms the “basic state.” The idealized density section
(black contours, Fig. 1B, bottom) consists of two opposing fronts in a
100-m-deep mixed layer. Below the mixed layer is a pycnocline with
a weaker horizontal density gradient and a large vertical stratification.
The velocity is taken to be in thermal wind balance with the density field,
with the addition of a broad ACC jet perpendicular to the buoyancy
gradient with a sinusoidal shape, a wavelength of 50 km, and amaximum
velocity of 1.2 m s–1 (dashed line, Fig. 1B, top). The idealized section is
assumed to be independent of the along-streamdirection (parallel to the
ACC jet), and the curvature of the front is neglected. Further details of
the idealized section are given in the Supplementary Materials.

The Seasoar section (Fig. 1B) has small regions with fq < 0, where
q≡ð f k̂ þ zÞ⋅∇b is the potential vorticity, f is the Coriolis parameter, k̂
is the local vertical unit vector, z =∇ × u is the relative vorticity, and b is
the fluid buoyancy. As a result, conditions at the fronts are favorable for
symmetric instability (10, 11). However, the motion associated with
symmetric instability is, by definition, independent of the along-front
direction (12), and hence, symmetric instability is unlikely to cause the
observedmeanders. To restrict our analysis to other possible instabilities,
we exclude symmetric instability by adding a constant stratification to
the basic state with a buoyancy frequency ofN0 = 2.5 × 10− 3 s− 1, which
is sufficient to ensure fq > 0.

Despite the idealizations introduced above, the stability analysis is
still complicated by the fact that the basic state is two-dimensional with
variation in the cross-streamand vertical directions, rendering the equa-
tions describing the evolution of linear perturbations nonseparable. To
overcome this problem, we use a time-stepping method to isolate the
most unstable features. The velocity and density are first decomposed
into background and perturbation components

uðx; y; z; tÞ ¼ !uðy; zÞî þ u′ðx; y; z; tÞ;
rðx; y; z; tÞ ¼ !rðy; zÞ þ r′ðx; y; z; tÞ ð1Þ

where x, y, and z denote the along-stream, cross-stream, and vertical
directions, and the overbar denotes the background state.We further
decompose the perturbation variables using a Fourier transform, for
example

u′ðx; y; z; tÞ ¼ ûðk; y; z; tÞeikx ð2Þ

where _̂ denotes the complex amplitude associated with along-stream
wave number, k. Because linear perturbations evolve independently,
each Fourier mode can be solved separately. We timestep the equa-
tions describing the evolution of the complex amplitude until the
fastest growing instability is isolated with a constant exponential
growth rate. Further details of this method are provided in the Sup-
plementary Materials.

The most unstable features develop along the outer front with an
along-front wavelength of about 12.5 km (Fig. 2A). This is consistent
with the observed spacing betweenmeanders and supports the hypoth-
esis that these features are generated through a submesoscale instability.
The kinetic energy associated with the most unstable perturbations
grows via the buoyancy flux (solid red line, Fig. 2A), indicative of mixed
layer instability (MLI), an ageostrophic baroclinic instability (13). The
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Fig. 1. SeaSoar section and MVP survey. (A) Map of survey sitewith temperature (color, main panel) and Absolute Dynamic Topography (ADT), and locations of the Seasoar
section andMVP surveywith surface temperature (colored dots) and surface velocity vectors. (B) Seasoar section from 9Maywith depth-averaged along-front current speed (top)
and temperature andpotential density (bottom, color shading andwhite contours). The correspondingmodel initial conditions (ICs) are also shown. The potential density contour
interval is 0.01 kg m−1. (C) MVP survey conducted on 15 May at the location indicated in (A). The time of each section is converted to advected distance by multiplying the
approximate speed of the ACC jet (1.2m/s). The top surface shows temperature from theMVP, averaged above a depth of 20m (shading), and from the ship’s flow-through intake
(colored dots). The 3°C isotherm is interpolated into along-track, advected distance, and depth coordinates and displayed as a gray isosurface.
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Submesoscale Rossby waves on the Antarctic
circumpolar current
John R. Taylor,1* Scott Bachman,2 Megan Stamper,1 Phil Hosegood,3 Katherine Adams,4

Jean-Baptiste Sallee,5 Ricardo Torres6

The eastward-flowing Antarctic circumpolar current (ACC) plays a central role in the global ocean overturning circu-
lation and facilitates the exchange of water between the ocean surface and interior. Submesoscale eddies and fronts
with scales between 1 and 10 km are regularly observed in the upper ocean and are associated with strong vertical
circulations and enhanced stratification. Despite their importance in other locations, comparatively little is known
about submesoscales in the SouthernOcean.Wepresent results fromnewobservations,models, and theories showing
that submesoscales are qualitatively changed by the strong jet associatedwith the ACC in the Scotia Sea, east of Drake
Passage. Growing submesoscale disturbances develop along a dense filament and are transformed into submesoscale
Rossbywaves, which propagate upstream relative to the eastward jet. Unlike their counterparts in slower currents, the
submesoscale Rossby waves do not destroy the underlying frontal structure. The development of submesoscale in-
stabilities leads to strong net subduction of water associated with a dense outcropping filament, and later, the sub-
mesoscale Rossby waves are associated with intense vertical circulations.

INTRODUCTION
The Antarctic circumpolar current (ACC) transports water between the
major ocean basins and forms the linchpin of the globalmeridional over-
turning circulation (1). The ACC is composed of a series of intercon-
nected jets, each associated with abrupt changes in density, or fronts.
The Subantarctic Front (SAF) and Polar Front (PF) are the strongest cli-
matological fronts associated with the ACC. Here, deep density surfaces
(or isopycnals) outcrop to the sea surface, providing a pathway along
which water can upwell to the ocean surface, exchange heat, carbon,
and oxygen with the atmosphere, and return to the ocean interior (2).
The Southern Ocean is a significant sink for anthropogenic carbon and
heat (3, 4). Southern Ocean fronts and their associated jets and eddies
also represent a potential source of energy to drive enhanced submeso-
scale activity. Although submesoscales are active in the SouthernOcean
(5, 6), their structure and dynamics have not been fully characterized.

OBSERVATIONS
The first attempt to directly observe the three-dimensional structure of
submesoscales in the Southern Ocean was made as part of the Surface
MixedLayer Evolution at Submesoscales (SMILES) project from18April
2015 to 22 May 2015 in a region east of Drake Passage in the Scotia Sea.
During the cruise, a large northward meander of the SAF (Fig. 1A) was
sampled at high resolution using towed bodies, a ship-mounted acoustic
Doppler current profiler, and surface drifters. The meander was first
surveyed with 25 sections between 25 and 40 km in length made with
a towed SeaSoar instrument during a time when the meander broke
off to form an isolatedmesoscale eddy (7). A transect through the north-
ern edge of themeandermade on 9May, before the eddy formation pro-
cess, shows two opposing fronts surrounding a cold, dense filament (Fig.

1B). The “outer” front is associated with a very sharp temperature
contrast, which is partially compensated by salinity. The “inner” front
with a smaller temperature change is associated with a larger density
gradient.

The cold filament and its associated fronts are embedded in a very
fast current flowing clockwise around themeander. The current is near-
ly depth-independent over the upper 200 m. The top panel in Fig. 1B
shows the velocity projected onto the direction perpendicular to the sec-
tion and averaged in the upper 200 m. We will refer to this as the ACC
jet. Although the ACC jet is wider than the fronts that it contains, the
vertical component of the relative vorticity is large, ranging from −0.4f
to 0.5f, where f is the local Coriolis frequency.

High-resolution satellite imagery on 11 May indicates the presence
of submesoscale meanders of the sharp temperature gradient asso-
ciated with the developing meander (Fig. 1A). Qualitatively similar
features have been observed before, notably along the Gulf Stream,
where they have been called “shingles” and “tongues” (8, 9). Here,
the observed features have wavelengths of 5 to 15 km and are em-
bedded in a broad current with speeds in excess of 1 m s−1, making
them difficult to observe with traditional methods due to the fast time
scales associated with their advection. Immediately after completing a
Seasoar surveyof the newly formed eddy,we repeatedly sampled a fixed
line across the fronts with the towedmoving vessel profiler (MVP) (Fig.
1A). The winds were relatively weak during the Seasoar section and at
the start of the MVP survey (with wind stress, t < 0.1 N/m2), although
the wind became strong at the end of theMVP survey (t≃ 0.25 N/m2).
A time series of the wind stress and direction is shown in the Supple-
mentary Materials.

The MVP observations confirmed the presence of submesoscale
meanders along the sharp temperature front. To visualize the approx-
imate three-dimensional structure of the temperature field, we adopt a
frozen field hypothesis and convert the time of each section into an “ad-
vected distance” by multiplying the time elapsed since the first section
by a constant velocity characteristic of the depth-averaged velocity in
the mixed layer (1.2 m s–1). The result, shown in Fig. 1C, suggests that
themeanders have a spacing of 5 to 15 km. Themeanders extend to the
base of the mixed layer (120 to 160 m), with evidence of intrusions of
cold water crossing to the warm side of the thermal front.
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storm events could sustain subduction. Note that the subduction rate de-
creases by about a factor of 10 if we exclude the inner front from the
model initial conditions (see the Supplementary Materials), although
the qualitative features of the simulations with and without ACC jets re-
main very similar.

IMPLICATIONS
The results presented here indicate that the strong currents associated
with the ACC confine locally generated submesoscale disturbances to
the core of the ACC jet and support submesoscale Rossby waves. In
the absence of wind, surface cooling, or large-scale confluence, net
subduction of water in a dense filament occurs during the development
of submesoscale instabilities. Following the equilibration of submesos-
cale instabilities and development of submesoscale Rossby waves, the
net subduction rate slows but large localized vertical velocities persist
near the center of the ACC jet (Fig. 5, B and C).

Extrapolating the subduction rate from themodel to the entire length
of the ACC suggests that submesoscales might make a significant con-

tribution to the total subduction in this region (see calculation in the
Supplementary Materials). Note that large subduction rates and strong
vertical circulations also develop in the model with the same frontal
structure but without the ACC jet. This is consistent with the recent
work of Bachman et al. (20) who found localized patches of large sub-
mesoscale eddy kinetic energy throughout the Scotia Sea. However, in
the simulations that include the ACC jet, submesoscale activity and the
associated vertical velocity are enhanced in a relatively narrow region
near the jet core (see Fig. 5B). This suggests that the strong currents pres-
ent in theACChave the potential to confine themost intense subduction
events associated with submesoscales to a relatively small area.

The largest subduction rate in the model occurs during the develop-
ment of submesoscale motions when the dense, outcropping filament
sinks to the base of the mixed layer. Persistent subduction of water in a
specific density class would require a mechanism to resupply surface
water in this density class to fronts or filaments along the ACC. Our
simulations do not show a significant change in the volume associated
with each density class (see the Supplementary Materials), suggesting
that another process is needed. Net advection of dense surface water
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