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• Three gliders, 10 weeks of continuous 
sampling.

• Over 750 profiles of T, S, dissolved O2, 
fluorescence, optical backscatter.

• Roughly 5 dives (~20 km) per day.
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Evidence of Weddell Sea Bottom Water south of Powell Basin; mixing between slope and shelf waters.
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Figure 1: Overview of the study region. (a) Map of the northwestern Weddell Sea showing the position of hydrographic

profiles from three ocean gliders. The background colour shows depth (m); the symbol colour provides an indication of the temporal

evolution of the glider positions. (b) Temperature distribution along section A; water masses include Winter Water (WW), modified

Circumpolar Deep Water (MCDW) and Weddell Sea Deep Water (WSDW). The dashed line shows the location of the glider

observations. (c) Temperature, salinity diagram for section A. (d) Expanded view of the boxed region in panel (c). The contours

are curves of neutral density, �n; contour spacing is 0.1 kg m�3.
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Figure 1: Overview of the study region. (a) Map of the northwestern Weddell Sea showing the position of hydrographic

profiles from three ocean gliders. The background colour shows depth (m); the symbol colour provides an indication of the temporal

evolution of the glider positions. (b) Temperature distribution along section A; water masses include Winter Water (WW), modified

Circumpolar Deep Water (MCDW) and Weddell Sea Deep Water (WSDW). The dashed line shows the location of the glider

observations. (c) Temperature, salinity diagram for section A. (d) Expanded view of the boxed region in panel (c). The contours

are curves of neutral density, �n; contour spacing is 0.1 kg m�3.
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Antarctic Slope Current: frontal structure

The shelf break is dominated by a series of 
multiple narrow fronts comprising the 
Antarctic Slope Current.
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Potential vorticity:

Antarctic Slope Current: potential vorticity
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Uniform properties

Multiple front structure creates regions of Ekman transport convergence/divergence over the slope.

Interior eddy thickness fluxes are required to close the overturning across the slope/shelf.
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OSMOSIS: Ocean Surface Mixing, Ocean Submesoscale Interaction Study

• Year-long study to resolve seasonal variations in upper ocean turbulence as submesoscale resolution.
• Location:  Porcupine Abyssal Plain;  Duration: Septmber 2012 - September 2013.
• 9 moorings, 7 glider deployments.
• OSMOSIS site occupied by two gliders throughout the year, sampling temperature, salinity, dissolved oxygen, 
fluorescence, backscatter and PAR.
[Provide details on the depth and frequency of glider sampling.]

Sea surface temperature Depth

Glider sampling
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ChinStrAP: Changes in Stratification at the Antarctic Peninsula



ChinStrAP: Changes in Stratification at the Antarctic Peninsula

• 2 Seagliders:  deployed on 5 and 8 December; recovery mid-April.
• To date, 632 dives on SG566 (Drake Passage), 602 dives on SG539 (Scotia Sea).
• Temperature, salinity, dissolved oxygen, fluorescence, optical backscatter.
• Multiple crossings of the Antarctic Slope Front and the southern boundary of the Antarctic Circumpolar Current.  
• How does mesoscale / submesoscale variability impact isopycnal outcropping and ventilation?



Waveglider
• Surface temperature, salinity, dissolved oxygen.

• Met sensor to measure surface wind speed and 
orientation.

• Possibility to collect surface pCO2.
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Potential vorticity and frontal instability.
We hypothesize that a flux of energy from the
front itself accounts for the enhanced turbulence
levels at SF2. The boundary layer at SF2 is stably
stratified (Fig. 3B) yet highly sheared in the ver-
tical direction due to the presence of a strong jet
along the front (Fig. 2, B and C). This latter con-
dition makes the flow potentially susceptible to
symmetric instability (SI) (4), which extracts ki-
netic energy from the geostrophic frontal jet. The
Ertel potential vorticity (PV) (24) is the key quan-
tity for diagnosing this instability; a flow is un-
stable to SI when the PV is negative (25). PV can
become negative due to the combination of a suf-
ficiently strong vertical shear and lateral density
gradient and a sufficiently weak vertical density
gradient. These conditions can occur within the
boundary layer of a strong front, with the front
providing the shear and lateral gradient and the
boundary layer having a reduced stratification.
Simulations (4, 5) indicate that under these con-
ditions SI will grow, become unstable to second-
ary, smaller-scale instabilities (26), and feed a
turbulent cascade to dissipation, resulting in a
fully turbulent boundary layer drawing its energy
from the front.

We used velocity and density data taken by
the ship to evaluate the PVon each of the nearly
100 crossings of the front (fig. S5) (10, 24). We
found negative PV near the surface (Fig. 1E) for
0.2 days at SF2 and nowhere else (Fig. 1F). The
front at SF2 is therefore unstable to SI, suggest-
ing that the turbulence at SF2 is drawing energy
from the frontal shear.

The simulations indicate that SI at a front
occurs when the wind blows perpendicular to the
frontal gradient (27, 28), which is typically in the
direction of the frontal velocity (Fig. 4). Such a

“down-front”wind drives a net transport of water
perpendicular to the frontal jet to carry heavy
water across the front, from the cold side to the
warm side. This Ekman transport advects heavy
water over light water, reducing the stratification,
and thus reducing the PVand promoting SI. The
Ekman buoyancy flux (EBF) (27), computed from
the product of the down-front wind stress (Fig.
2C) and the cross-frontal density gradient (Fig. 3A),
is a measure of this effect. Simulations (4) suggest
that turbulence in a fully developed boundary layer
of depthH and driven by down-frontwinds extracts
kinetic energy from the frontal jet at a depth-
integrated rate given by H(EBF)/2 and dissipates
it within the boundary layer. This quantity (29)
peaks at SF2 (Fig. 3D, red) with a value compara-
ble to the measured dissipation rate, thus provid-
ing quantitative evidence supporting the hypothesis
that the boundary layer at SF2 was driven pri-
marily by SI induced by a down-front wind.

The structure of the boundary layer also sup-
ports this hypothesis. SI acts to reduce the anom-
alously negative PV by inducing a circulation
that increases the stratification, thereby counter-
acting the effect of the EBF (Fig. 4). Simulated
boundary layers within symmetrically unstable
fronts are simultaneously stratified and turbulent
(5), in contrast to those outside of fronts, which
are generally well mixed. Indeed, the observed
density profiles within the front (Fig. 3B) lack
mixed layers and are instead stratified at all depths.
The Lagrangian float trajectories repeatedly cross
this stratification, indicating that the boundary
layer at SF2 is both turbulent and stratified (30).

Although SF1 exhibits elevated EBF and dis-
sipation, the thin (H ≈ 10 m) boundary layer
precludes estimating PV and the towed surveys
barely cross the front, making EBF errors large.

An accurate evaluation of the hypothesis is not
possible at SF1.

Near-inertial frequency waves. Sections of
velocity and shear (Fig. 2, B and D) show that the
above frontal processes are associatedwith deeper
structures suggestive of internal waves. In partic-
ular, the depth-time section of shear (Fig. 2D)
shows alternating diagonal stripes of positive and
negative shear with upward phase propagation
and a period close to the local inertial period (i.e.,
half a pendulum day: 0.84 days at this latitude).
The north-south component of shear (not shown
in Fig. 2) is in quadrature with the east-west
component such that the velocity vector rotates
clockwise with approximately constant magni-
tude as a function of both increasing depth and
increasing time. This pattern is widely found in
the ocean and interpreted as the signature of down-
ward propagating near-inertial frequency internal
waves (31). Given the observed stratification and
estimating the vertical wavelength and period of
the waves to be 200 m and 0.78 days, respec-
tively (based on a least-squares fit on the shear
field of the upper 150 m and first 2 days), theory
predicts that the waves’ downward energy flux is
~6mW/m2, which is similar to an estimate for the
energy input to near-inertial waves from the winds
of 9 mW/m2 (32), but only about 6% of the ex-
cess turbulent dissipation at the SF2. These cal-
culations suggest that the waves are probably
driven by the winds and minimally contribute to
the energetics of the turbulence within the bound-
ary layer at the front.

Surprisingly, however, the strong near-surface
shear of the sharpest front appears to be part of
the deeper near-inertial pattern. The boundary-
layer depth (Fig. 3E) also appears to have vari-
ability on roughly the same time scale; that is, the
increased depth at days 138.7 and 139.6. Thus, it
is possible that these inertial motions could play a
role in the rapid confluence and difluence that
generate and dissipate the SF, as well as in pro-
ducing its negative PV. We further speculate that
the SI at the front could feed energy into the in-
ertial waves and thus radiate energy into the ocean
interior. Because the lateral scale of the near-
inertial motions is probably much larger than that
of the SF, their overall role in the SF energetics
could be substantially larger than that implied by
the small local flux density.

Implications. Traditionally, the upper-ocean
boundary layer is thought to be driven by the
atmosphere through fluxes of heat, moisture, and
momentum (33, 34). The observations presented
here break from this paradigm by suggesting that
lateral density gradients and their geostrophic cur-
rents can also play a role in boundary-layer dy-
namics by supplying energy to turbulence at the
expense of the circulation and permitting strat-
ification and turbulence to coexist. Therefore, the
greatly enhanced boundary-layer turbulence and
dissipation described here in a very sharpKuroshio
front is likely an extreme example of a process
that occurs much more widely in the ocean, po-
tentially playing an important role in its dynamics

Fig. 4. Structure of the
symmetrically unstable front.
A wind blowing down the
frontal boundary between
warm and cold water induces
an Ekman transport perpen-
dicular to the wind and to
the front. This carries heavy
water from the cold side of
the front over light water
from the warm side, which,
in the presence of the fron-
tal jet and lateral density
gradient, acts to reduce the
stratification near the surface
andmakes the front unstable
to symmetric instability. The
instability draws energy from
the frontal jet, leading to en-
hanced turbulence, and in-
duces a circulation acting to
bring warm water to the sur-
face and cold water to depth,
thus counteracting the effect
of the Ekman transport and
keeping the near-surface stably stratified, with warm water over cold water.
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Motivation

Submesoscale instabilities, such as symmetric instability, are 
common features of the ocean’s strong frontal currents, e.g. 
the Gulf Stream, Kuroshio [and an important contributor to 
turbulent dissipation].

Mesoscale eddies may generate strong, narrow buoyancy 
gradients throughout the ocean, although their orientation is 
less systematic.

The prevalence of submesoscale instabilities in the open 
ocean and their seasonal variability is poorly understood.


