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Observations of submesoscale eddy-driven heat
transport at an ice shelf calving front
Drew M. Friedrichs 1,2✉, Jasmin B. T. McInerney1,2,3, Holly J. Oldroyd 1, Won Sang Lee 4,

Sukyoung Yun 4, Seung-Tae Yoon5, Craig L. Stevens 3,6, Christopher J. Zappa 7, Christine F. Dow 8,

Derek Mueller9, Oscar Sepúlveda Steiner 10 & Alexander L. Forrest1,2

Antarctica’s ice shelves buttress the continent’s terrestrial ice, helping slow the loss of

grounded ice into the ocean and limiting sea level rise. Ice-ocean interaction plays a critical

role in ice shelf stability by driving basal melt rates. Consequently, improved prediction of the

future state of ice shelves lies in understanding the coastal ocean mechanics that deliver heat

to their cavities. Here, we present autonomous glider-based observations of a coherent

structure at the calving front of a cold-water cavity ice shelf (Nansen Ice Shelf, East Ant-

arctica). This ~10 km-wide eddy dominated the local ocean circulation in the austral summer

of 2018/2019, promoting an upwelling of cold ice shelf water and a deepening of warm

surface water. Microstructure turbulence measurements show a resulting maximum vertical

heat transport of 10Wm−2 at depths equivalent to the ice shelf draft. Similar eddy-driven

heat transport further into the ice shelf cavity would support enhanced summertime melt in

regions of shallower ice draft.
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The melting of ice shelves occurs via multiple modes,
according to the characteristics of the seawater beneath the
ice: cold/warm deep water (Mode 1/2), or warm surface

water (Mode 3)1. Localized melt may support the growth of basal
channels along the underside of ice shelves2, which have been
linked to enhanced strain and fracturing within the ice and may
lead to calving events3 and the acceleration of terrestrial ice
flows4. Within cold-water ice shelf cavities (typically dominated
by Mode 1), the transport of freezing-temperature ice shelf water
(ISW) along the ice-ocean interface may also result in regions of
ice accretion, which is expected to level the ice shelf bottom
topography5. Though warm-cavity ice shelves (dominated by
Mode 2 melt) have been the focus of recent literature due to their
vulnerability to rapid retreat6, Antarctic cold-cavity ice shelves
cover more surface area7 and several have exhibited high-profile
ice shelf fracturing events (e.g., Mertz Glacier Tongue8; Nansen
Ice Shelf9; Voyeykov Ice Shelf10). It is thus necessary to resolve
the forcing mechanisms behind the transport of heat11 and
meltwater12 beneath cold-cavity ice shelves to determine their
susceptibility to basal channeling and resulting ice shelf break up.

Most insights into ocean-ice shelf interaction come at the
smallest or largest scales, through the pairing of melt rate para-
meterizations with detailed local observations, or general circu-
lation models with regional surveys, respectively13. Intermediate
scale circulation phenomena, such as submesoscale eddies (dia-
meter less than 50 km), are known to play a vital role in ocean
heat transport14 but are particularly difficult to quantitatively
investigate due to their requirement of maintaining both high
resolution and large domains while running simulations or col-
lecting observations. This is especially true along the Antarctic
coastline, where the lack of in situ measurements may result in
poorly constrained modelling efforts.

On the Antarctic continental shelf, the high latitude and
summertime stratification permits intense eddy fields with the
potential to play a leading role in heat exchange in the vicinity of
ice shelves. A widely published connection between eddies and
Antarctic ice melt is through the onshore delivery of warm Cir-
cumpolar Deep Water far beneath warm-water ice shelves, pro-
moting Mode 2 melting15. At cold-water ice shelves, on the other
hand, eddy-resolving models have suggested that coastal eddies
may transport colder deep water (High Salinity Shelf Water;
HSSW)16,17 but are more likely to impact melt through the
delivery of warm Antarctic Surface Water (ASW) beneath the ice
shelf calving front11,18. The formation and behavior of these

eddies are sensitive to ice shelf front conditions, including basal
melting and ice shelf front roughness19, surface buoyancy flux
from HSSW formation16, and sea floor topography17. Eddy-
resolving models are also sensitive to grid size16,20 which moti-
vates the common theme of a need for more in situ observations.
Near-ice shelf oceanography is frequently measured by a com-
bination of through-ice18 and open-ocean moorings21 supple-
mented by ship-based profiling22, though each of these methods
struggle to match the high resolution (sub-km horizontal spacing)
and large spatial coverage (10 s of kilometers) necessary for
resolving submesoscale features. Autonomous under water vehi-
cles show promise for investigating near-23 and sub-ice shelf
oceanography24 at these scales, with quieter buoyancy-driven
gliders allowing for direct measurements of microstructure
turbulence25 via a cost-effective platform26.

To the best of our knowledge, there have not been successful
sub-ice shelf glider-based turbulence measurements until now.
Here, we present ship- and autonomous underwater glider-based
observations of submesoscale eddy-driven heat and water mass
transport within Terra Nova Bay (TNB), in front of and beneath
the calving front of the Nansen Ice Shelf (NIS; Fig. 1). Velocity
and conductivity-temperature-depth (CTD) measurements reveal
a submesoscale cyclonic eddy, which increases the depth of the
ASW layer while simultaneously upwelling HSSW and ISW.
Vertical heat flux derived from microstructure turbulence mea-
surements shows that heat transport is enhanced at depths
comparable to the minimum ice shelf thickness. We suggest that
similar eddies form throughout the summertime in TNB and may
support local variations in ice shelf melt rate, enhancing basal
channels and putting the ice shelf at risk to massive calving
events.

Results & discussion
Study site. TNB is a latent heat polynya in the western Ross Sea,
bounded to the south by the Drygalski Ice Tongue (DIT) and to
the west by the NIS (75°S 163°E). Offshore, the bay is greater than
800 m in depth, though it shoals to closer to 600 m near the NIS
front and less than 400 m to the north, near Inexpressible Island
(Fig. 1b). The NIS is a small (~2000 km2), cold-cavity ice shelf
that originates from the Reeves and Priestley glaciers. Its frontal
ice draft ranges between 150 and 250 m below the ocean’s surface,
including a notable basal channel along the glaciers’ suture zone3.
The ice shelf exhibits extreme katabatic wind events27, which, in

Fig. 1 Site map. a MODIS imagery (NASA Worldview) of the study site from 5 January 2019, showing Terra Nova Bay (TNB), the Nansen Ice Shelf (NIS;
red outline), and the Drygalski Ice Tongue (DIT). b Ice draft, seafloor bathymetry, and collected data. Colored lines indicate glider transects directed
approximately parallel to (NE-SW; red) and perpendicular to (E-W; blue) the NIS calving front. Black circles indicate ship CTD/LADCP profiles along a
transect parallel to ice shelf front. Grey lines/circles indicate other collected glider/ship data not included in these transects. The yellow triangle
indicates the location of Automatic Weather Station Manuela on Inexpressible Island.
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austral winter, promote rapid sea-ice formation in the TNB
polynya and the creation of HSSW (potential density anomaly
θρ > 28 kg m−3). Penetrative convection mixes the bay and HSSW
likely spreads to the NIS grounding line28. This spread causes
basal melt (Mode 11) and the formation of a layer of very cold
ISW (potential temperature θT <−1.94 °C), which rises above the
dense HSSW and may become supercooled while exiting the ice
shelf cavity. In summer months, TNB becomes stratified follow-
ing the formation of a 100 m-thick layer of warm and fresh ASW
(θT >−1.3 °C), limiting remnant HSSW to depths below 500 m22.
There is a northward alongshore current in the region that
deflects counter-clockwise around the Drygalski Ice Tongue29

and feeds the basin-scale (40 km-diameter) gyre in the bay22

(Fig. 2a). Summertime stratification sustains smaller, sub-
mesoscale eddies in the bay (Fig. 2b and Supplementary Figs. S1
and S2), which have been previously correlated with increased
westerly winds through satellite imagery of loose sea ice30 but
have not yet been resolved with oceanographic data or circulation
models.

Data collection. TNB and the NIS calving front were visited in
the austral summer of 2018/19 as part of a research voyage
aboard the Research Vessel Ice Breaker ARAON (Korea Polar
Research Institute). A Teledyne Slocum G2 glider was deployed
from the R/V ARAON between 31 December and 10 January,
completing 208 vertical profiles to maximum depths between 100

and 1000 m over approximately 160 km, including a stretch of 18
profiles that reached 6.5 km into the NIS cavity. The glider was
equipped with a SeaBird SBE-41 CTD sensor and a Rockland
Scientific MicroRider for microstructure temperature measure-
ments. Two glider transects are presented in this paper: a series of
dives along headings approximately parallel to (NE-SW; 27 km,
26 profiles) and perpendicular to (E-W; 21 km, 26 profiles) the
NIS (Fig. 1b). The timing and location of an additional parallel
glider transect (SW-NE) is presented in the Supplementary
Information (Supplementary Figs. S3 and S4). Ship-based pro-
filing with a CTD and a concurrent Lowered Acoustic Doppler
Current Profiler (LADCP) also occurred before, between, and
after the glider deployments, which included a transect of 8
profiles parallel to the ice shelf (Fig. 1b). The relative timing of the
collected data is presented in Fig. 3. A strong westerly wind was
also observed in the days leading up to the presented transect,
with daily maximum sustained speeds of 10–17m s−1 from a
constant 270° heading (Fig. 3).

Eddy scales. During the glider surveying, HSSW was measured at
unusually shallow depths (above 250 m) in a concentrated region
less than 10 km from the ice shelf front (Figs. 4a, 5a, c). These
observations were collocated with an anomalously deep ASW
layer (Figs. 4b, 5b, d), which extended to depths greater than the
minimum draft of the NIS calving front (~150 m)3. A T-S plot of
the CTD data from these glider transects is shown in Fig. 6,

Fig. 2 Terra Nova Bay circulation. MODIS imagery (NASA Worldview) of TNB shows the signature of surface currents (white arrows) in sea ice.
a Typical summertime anticyclonic gyre within TNB driven by the deflection of the coastal current around the DIT. b Summertime submesoscale eddies
produced by strong westerly wind (grey arrow) off the NIS (grey outline) over Inexpressible Island (yellow triangle).

Fig. 3 Atmospheric data from automatic weather station Manuela. a Hourly wind speed, where shaded regions correspond to the time periods over which
the data was collected. b Hourly wind direction (from). c Compass plot of wind speed and direction corresponding to the data in a, b.
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Fig. 4 Eddy horizontal cross sections. a Practical salinity and current velocity at 300m depth. b Potential temperature and current velocity at 130m depth.
Light grey polygons show the ice shelf extent. Dashed grey lines indicate glider transects parallel and perpendicular to the NIS calving front, which intersect
at the center of the eddy (r= 0). The data have been adjusted spatially to offset the northeastward advection of the eddy (see Methods). The grey
background signifies regions of no data. Additional maps of surface salinity, surface temperature, salinity at 130m, and salinity at 300m are provided in
Supplementary Fig. S3.

Fig. 5 Eddy vertical cross sections. a Practical salinity parallel to the NIS calving front (red lines in Fig. 1b). b Potential temperature parallel to the NIS
calving front. c Practical salinity perpendicular to the NIS calving front (blue lines in Fig. 1b). d Potential temperature perpendicular to the NIS calving
front. Grey lines in a, b and light grey polygons in c, d provide the nearby ice draft. Black contours in a, c show the upper extent of the HSSW. Black
contours in b and d above/below 200m show the extent of ASW/ISW. Vertical dashed lines show the extent of the data (glider path) before interpolation
and black regions indicate seafloor bathymetry. The grey background signifies regions of no data. Vertical cross sections of data observed during
eddy formation are provided in Supplementary Fig. S5.
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demonstrating the mixture of ASW and HSSW near the center of
this upwelling/downwelling (r= 0). A layer of ISW was also
observed rising in front of the ice shelf (Fig. 5d) to above the
maximum NIS draft (~300 m)3 and was notably absent in the
center of the feature (from r=−3 to 3 km in Fig. 5b, d), likely
displaced by the rising HSSW. Seawater velocities collected along
the front of the ice shelf indicated a cyclonic (clockwise in the
Southern Hemisphere) circulation in the region (Fig. 4), strong
enough to account for these anomalous observations. Together,
these observations suggest the existence of a subsurface, cyclonic
thinny, or an eddy that pulls the main thermocline upward and
the seasonal thermocline downward31. Insight into similar
cyclonic eddies at this scale is limited, although examples of
anticyclonic subsurface eddies are linked to localized mixing32

and the storage and transport of intermediate waters far from
their source19,33.

The eddy observed in TNB was estimated to be 10 km in
diameter and 450m in height following insight from cross
sections of seawater density through the eddy (Fig. 7a, c). The
internal Rossby radius of deformation (R ~ km) was smaller than
the observed eddy radius, suggesting that rotational effects must
be considered. Similarly, the exchange time scale over which the
eddy was expected to collapse without Coriolis forcing (Te ~ 5 h)
is much smaller than the 5 days over which it was observed,
indicating that the eddy was in a rotational balance34. The eddy
was observed to be coupled to the northward coastal current
(~1 cm s−1) which suggests that it would eventually travel
northward and fall out of geostrophic balance in the shallower
water north of Inexpressible Island over several weeks, though
satellite imagery of sea ice movement suggests a typically more
dynamic environment, with eddy collapse occurring on the order
of one week (Supplementary Fig. S1). Eddy azimuthal velocities
were estimated from the glider density data through an assumed
geostrophic balance (Fig. 7b, d) and agree well with the speeds
measured by the LADCP (Fig. 7f), suggesting that the geostrophic
component dominates the absolute current velocity. The max-
imum azimuthal speeds of ω= 18 cm s−1 were also an order of
magnitude larger than the maximum predicted tidal velocities in

the region (see Methods). The LADCP revealed an additional
return flow of deep water into the ice shelf cavity beneath the
eddy, approximately constrained to the deepest bathymetry
(below 700 m; see Supplementary Fig. S7), indicating that the
deepest water was under additional forcing.

Eddy-driven vertical heat transport. Vertical temperature gra-
dients near the NIS are distributed according to the different TNB
water masses, with a large temperature gradient in the ASW layer,
slightly elevated gradients in the ISW, and nearly isothermal
HSSW (Fig. 8a, b). The subsurface eddy restructures the ther-
mocline, which has two major implications for the vertical heat
transport in the water column. Firstly, the glider-based micro-
structure sampling in TNB shows elevated turbulent mixing in
the ASW above the eddy core: temperature variance dissipation
rate, χ, is larger than 10−9 °C2 s−1 in front of the ice shelf, down
to 150 m depth (at r=−3 to+ 3 km in Fig. 8c, d). This leads to
local regions of elevated heat transfer (Jh= 10Wm−2) away from
the warm surface at depths equivalent to the minimum ice
thickness (Fig. 8e, f). Secondly, there is also elevated χ of 10−10 to
10−9 °C2 s−1 in the ISW outside the eddy (Fig. 8c, d), which is
still an order of magnitude larger than the HSSW background
values (χ < 10−11 °C2 s−1). Heat flux is thus directed into the ISW
from both above and below. The eddy displaces the ISW upward,
which, on the western side of the eddy, draws 10Wm−2 down-
ward and away from the calving front of the NIS (at r=−12 to
−5 km in Fig. 8f). This occurs at depths above 300 m,
approaching the maximum thickness of the nearby ice. The result
of this analysis is a complex pattern of vertical heat transport at
the NIS calving front that is highly dependent on the position and
size of the eddy.

Eddy influence on ice shelf melt. Several potential forcing
mechanisms exist in TNB that would support the repetitive for-
mation of such an eddy, including persistent katabatic winds off
the ice shelf30, the deflection of the northbound coastal current
around the DIT29, and horizontal pressure gradients from dis-
tributed ISW outflow (Dow et al., 2022, in preparation). As these
are each persistent features of TNB, the eddy observed in this
study is expected to be a recurring feature of the southwest corner
of the bay, coupled with a clockwise, anticyclonic eddy in the
northwest. Satellite images occasionally show the surface
expression of submesoscale eddies forming in response to wes-
terly winds through the movement of sea ice30 (Fig. 2b and S2),
but the TNB Polynya is sea ice-free throughout much of the year.
This is particularly true in the southwest corner of TNB as it is
strongly sheltered by the DIT from sea ice carried by the
northward coastal current. Lack of evidence in sea ice distribution
should not preclude the existence of eddies, however, as the
formation of sea ice likely indicates poor conditions for eddy
formation; the rapid HSSW formation that accompanies sea ice
production in TNB results in convection that may destroy the
density gradients necessary to sustain these eddies. With rapid sea
ice production in the wintertime, this eddy is expected to be a
summertime phenomenon.

In its observed position, the submesoscale eddy from January
2019 is likely too far from the NIS cavity for the discussed vertical
heat fluxes to considerably influence ice shelf melt rate, especially
regarding the deepened ASW layer several kilometers offshore
(Fig. 9a). Recent mesoscale eddy-resolving models of larger cold
cavity ice shelves, however, support the idea that other iterations
of the TNB eddy may protrude further into the NIS cavity. Eddies
enter the Ronne Ice Shelf cavity, for example, due to the
intersection of a Weddell Sea rim current with the ice shelf16, a
situation reminiscent of the westward current just north of the

Fig. 6 T-S Plot. Practical salinity versus potential temperature for the
glider transects perpendicular to and parallel to the NIS calving front, colored
by distance from the center of the eddy. Isotherms define ASW (>−1.7 °C)
and ISW (<−1.94 °C), while isopycnals define HSSW (>1028 kgm−3).
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DIT (Fig. 2a). Other simulations suggest that mesoscale eddies are
also able to intrude beneath the Ross Ice Shelf, crossing the
potential vorticity gradients that exist at the ice shelf front20. A
meltwater wedge has been suggested as a mechanism in which
melt from the vertical ice shelf face alters near-ice isopyncals and
may allow these eddies to guide warm surface water into a cold-
water ice shelf cavity11. Finally, enhanced ice front melt rates
derived from satellite altimetry measurement over the NIS (Dow
et al. 2022, in preparation) support the occurrence of Mode 3
melt at the ice shelf front and within the NIS basal channel.

An eddy extending beneath the NIS would 1) allow heat to
access the thinnest regions of the ice shelf and 2) force the
upwelling of ISW beneath the ice, lowering melt rates in regions
of deeper ice draft (Fig. 9b). The existing basal channel beneath
the NIS makes the ice shelf particularly vulnerable to these
phenomena. Although the channel was likely formed upstream by
the coalescence of two glaciers, the combination of warm surface
water inflow into the basal channel and limited melt on the
bordering basal ridges would exacerbate the region of minimal ice
shelf thickness previously linked to ice shelf fracturing3.

Implications. There has been a recent push to identify the melt
rates and calving frequency at each of the ice shelves surrounding

Antarctica7,35,36 and it is likely that eddying behavior similar to
our observations exists offshore of many of these ice shelf sys-
tems. The East Antarctica coastline hosts several wind-forced (or
latent heat) polynyas comparable to TNB that also exhibit com-
plex interaction between alongshore current and coastal cape or
ice shelf promontories37. Several of these ice shelf systems present
a higher risk of dramatic retreat when compared to the NIS by
exhibiting higher melt rates (e.g., Dibble, Vincennes) or a much
more active calving front (e.g., Ninnis, Holmes)7. Few studies
outside TNB, however, have considered that coastal eddies may
deliver warm water beneath ice shelves to drive localized melt and
trigger fracturing. Existing summertime hydrographic measure-
ments along East Antarctic ice shelves should be investigated for
the signatures of cyclonic meso- and submesoscale eddies, such as
the interaction of unusually deep ASW with unusually shallow
HSSW (Fig. 6) or satellite-based imagery of rotational features30.
Anticyclonic mode water eddies31, though not examined here,
should also be noted due to their ability to transport water at
intermediate depths far from its source33. The localized ISW
outflow seen at the NIS (Dow et al. 2022, in preparation) is a
candidate for transport by anticyclonic eddies.

Few studies observe coastal Southern Ocean mechanics at the
scales necessary for resolving submesoscale eddies. These eddies

Fig. 7 Eddy azimuthal velocities. a Potential density from glider measurements parallel to the NIS calving front (red lines in Fig. 1b). b Estimated eddy
azimuthal velocity (positive clockwise/cyclonic) from the glider data in a. c Potential density from glider measurements perpendicular to the NIS calving
front (blue lines in Fig. 1b). d Estimated eddy azimuthal velocity (positive clockwise/cyclonic) from the glider data in c. e Potential density from the
ship CTD transect parallel to the NIS calving front (tangent to, not bisecting the eddy). f Measured eddy azimuthal velocity from the ship LADCP,
concurrent with the ship CTD in e. LADCP current velocities in Earth-normal components are provided in Fig. S7. Grey lines in a, b, e, and f and light grey
polygons in c and d provide the nearby ice draft. Vertical dashed lines in e show the extent of the data (ship CTDs) before interpolation. Black contours
show the upper extent of the HSSW. The grey background signifies regions of no data.
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require sub-km scale resolution in both models and observational
strategies, which may be why evidence of their existence is rare.
To further elucidate the role of submesoscale eddies in ice shelf
cavity-ocean exchange, the design of adequate field surveys
resolving these intermediate scales is essential. Insight into the
behavior of submesoscale eddies in TNB would benefit from sub-
ice shelf measurements to confirm that ASW is observed within
the basal channel. The remote sensing of sea surface features
(temperature, elevation, and sea ice motion) shows promise for
identifying mesoscale eddies in open water polynyas, but large
scale (10–100 km) autonomous underwater vehicle surveys are
likely required for spatially distributed observations beneath ice.
Circulation modelling efforts must also ensure a submesoscale-
resolvant grid size to accurately predict the sensitivity of eddies to
changes in Antarctic coastal circulation, such as increased ice
shelf water outflow from beneath the NIS or altered DIT
geometry.

In this paper, evidence is presented for the eddy-driven
restructuring of water masses near cold-cavity ice shelves, as both
warm ASW and cold ISW are introduced to depths where
interaction with the ice shelf calving front is possible. A
mechanism is then suggested for the amplification of basal
channels via concentrated melt, which has the potential to
increase the frequency of large calving events3 and the
acceleration of terrestrial ice flows4. It is therefore critical that
ice cavity observations and models accurately resolve submesos-
cale eddies to provide more complete insight into ice-front heat
transport regimes.

Methods
External data products. Satellite imagery of the site (Fig. 1a) is from the NASA
Worldview application, part of the NASA Earth Observing System Data and

Information System. Ice shelf draft (Fig. 1b) was derived via hydrostatic inversions
of the Reference Elevation Model of Antarctica38. Wind data were recorded by
Automatic Weather Station Manuela (Inexpressible Island; 74.946°S, 163.687°E),
part of the University of Wisconsin-Madison Automatic Weather Station Program.
Visualization of the wind data (Fig. 3c) was made possible by the Wind Rose
MATLAB function39. Tidal data were provided by the Circum-Antarctica Tidal
Simulation model40; the mean tidal current during the surveying (31 December to
9 January) was 0.7 cm s−1.

Oceanography and eddy calculations. Sea floor bathymetry was produced by
multi-beam sonar aboard the research cruise (Fig. 1b). Derived oceanographic
properties (salinity, density, etc.) were calculated with the Gibbs Seawater
Oceanographic Toolbox41. The practical salinity from the glider was corrected
by a constant −0.015 using historic measurements of TNB salinity and
concurrent ship-based CTD profiling. The eddy Rossby radius R was calculated
following

R ¼ c=f ð1Þ
where f � �1:4 � 10�4 s−1 is the Coriolis frequency at −75° latitude and

c ¼ g 0 � h� �1=2 ð2Þ
is the internal wave speed, with

g 0 ¼ g � 4ρ=ρ0 ð3Þ
as reduced gravity, 4ρ ¼ �0:03 kg m−3 as the difference in density from the
interior to the exterior of the eddy, ρ0 ¼ 1030 kg m−3 as a reference density, and
h= 225 m as half of the eddy height. The eddy time scale for exchange Te was
calculated following

Te ¼ r=c ð4Þ
where the eddy radius r ≈ 5 km was determined from the horizontal density gra-
dient observed across the eddy (Fig. 7) and c defined according to Eq. 2. The fully
formed eddy was first observed during the second glider transect (NE-SW) at 06:00
on 2 January and was last observed during the third glider transect (E-W) at 12:00
on January 7, indicating that the eddy existed for at least 5 days. During this time,
the eddy traveled to the northwest at an average of 1.1 cm s−1. The time and
position of the data in Fig. 4 were adjusted according to this vector to best represent
accurate dimensions of the eddy. Eddy azimuthal velocities ω (Fig. 7b, d) were

Fig. 8 Eddy heat transport. a, b Vertical temperature gradient, where negative values (red) indicate decreasing temperature with increasing depth.
c, d Rate of temperature variance dissipation. e, f Vertical heat flux, where red indicates downward heat transfer. a, c, and e are interpolated from the glider
transect parallel to the NIS calving front (red lines in Fig. 1b), where grey lines indicate the nearby ice draft. b, d, and f are interpolated from the glider
transect perpendicular to the NIS calving front (blue lines in Fig. 1b), where light grey polygons show the nearby ice draft. Black lines show the extent of
ASW, ISW, and HSSW (defined in Figs. 4 and 5) and the grey background signifies regions of no data. Similar diagrams of heat transport during
eddy formation are provided in Supplementary Fig. S6.
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estimated from glider-based CTD data by balancing the observed pressure field
against the Coriolis forcing using a geostrophic balance,

f � ω ¼ 1=ρ0
� � � ∂p=∂r

� � ð5Þ

where p is pressure, under the assumption that there was no horizontal pressure
gradient at the bottom of the eddy (450 m; Supplementary Fig. S6c). CTD data
from the R/V ARAON were processed following the standard procedure recom-
mended by Sea-Bird Electronics42. The LADCP profiles were obtained in 5 m bins
and were processed using the velocity inversion method43.

Microstructure turbulence. Only data from a single FP07 thermistor of the gli-
der’s Rockland Scientific MicroRider were used in this analysis as the second
exhibited excessive electronic noise. We confirmed the microstructure temperature
recorded by the working probe through comparison with concurrent micro-
structure shear (also from the MicroRider) and expected values from previous
datasets29. Under the assumption of isotropic turbulence, the rate of dissipation of
temperature variance25 can be calculated as

χ ¼ 6κ ∂T 0=∂x
� �2D E

ð6Þ

where κ is molecular thermal diffusivity and ∂T 0=∂x is the temperature gradient
variance measured by the MicroRider as the glider travels in the x-direction. In
practice, this calculation involves processing the wavenumber spectrum of the
gradient signal. We followed the standard methods44 to calculate χ (Fig. 8c, d),
which is related to the diffusivity of heat as45

Kh ¼ 0:5χ Tz

� ��2 ð7Þ

where Tz is the local vertical temperature gradient (Fig. 8a, b), finally leading to

vertical heat flux,

Jh ¼ �ρcpKhTz ð8Þ
(Figure 8e, f), where cp = is specific heat capacity, derived via the MIT Seawater
Thermophysical Properties MATLAB Library46,47.

Data availability
The raw MicroRider turbulence data files, as well as the processed CTD, ADCP, and
turbulence data that support the findings of this study are available from the Dryad
Digital Repository (DOI: 10.25338/B88H1H). Satellite imagery can be accessed from the
NASA Worldview application (worldview.earthdata.nasa.gov) and wind data from
Automatic Weather Station Manuela can be accessed from the Antarctic Meteorological
Research Center (amrc.ssec.wisc.edu).

Code availability
The data processing completed for this paper, including the generation of temperature
variance dissipation rate χ, was completed in MATLAB. The custom code necessary for
replicating these results is available from the corresponding author upon reasonable
request.
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