
Ocean Variability in Polar Regions

with 
Andrew Stewart (UCLA), Karen Heywood (U. East Anglia), Paul Spence (USNW),  

Ron Kwok (JPL), Tom Armitage (JPL), Georgy Manucharyan (Caltech)

Polar Climate Workshop 
November 30, 2018

Andrew Thompson 
California Institute of Technology



Ocean mesoscale

Snapshot of surface speed; Typical length scale 104 - 105  m 



Ocean mesoscale

Snapshot of surface speed; Typical length scale 104 - 105  m 

440 VOLUME 28J O U R N A L O F P H Y S I C A L O C E A N O G R A P H Y

FIG. 7. The global zonally averaged first-baroclinic Rossby radi-
us of deformation l1 in kilometers (solid line) obtained from the
18 3 18 gridded Rossby radii shown in Fig. 6. The y axis is expanded
in the lower panel to resolve the middle- and high-latitude Rossby
radii better. The dashed lines represent least squares fits over the
latitude range 108–608 to an empirical quadratic function of inverse
latitude; the parameters of the least squares estimates are listed in
Table 1. Least squares fit parameters for each individual ocean basin
are listed in Table 1.

TABLE 1. The parameters of the least squares estimate of the zonally averaged first baroclinic Rossby radius of deformation in kilometersl̂1
obtained by regression onto a quadratic function of inverse latitude for the latitude range 108–608. The form of the quadratic function is

5 a0 1 a1q21 1 a2q22, where q is the absolute value of latitude. The coefficients a0, a1, a2 and the root-mean-square and maximuml̂ (q)1

error of the regression fit are listed separately for each hemisphere for the global ocean (see Fig. 7), the Pacific Ocean, the Atlantic Ocean,
and the Indian Ocean.

a0 a1 a2 rms (km) max (km)

Global Ocean
Northern Hemisphere
Southern Hemisphere

217.13
212.79

1908.41
1641.09

27572.13
24827.22

1.69
1.45

4.34
2.74

Pacific Ocean
Northern Hemisphere
Southern Hemisphere

214.77
26.89

1866.03
1396.94

26809.97
22587.56

1.17
1.12

2.67
2.46

Atlantic Ocean
Northern Hemisphere
Southern Hemisphere

218.66
215.03

1902.66
1673.95

28285.09
26073.50

2.57
2.44

6.55
4.77

Indian Ocean
Northern Hemisphere
Southern Hemisphere

213.90
220.05

1376.39
1994.46

21833.22
27500.20

1.00
3.57

22.62
4.57

North Atlantic maps of the first baroclinic gravity-
wave phase speed c1 and Rossby radius l1 computed
from the LOC data are shown in Fig. 8. The contours
are generally very similar to the North Atlantic contours
in Figs. 2 and 6. A scatterplot comparison of l1 com-

puted from the two datasets is shown in Fig. 9a. Over
most of the North Atlantic, the two estimates are in very
close agreement; 68% of the NODC solutions fall within
65% of the LOC solutions and 95% fall within 620%
of the LOC solutions (Fig. 9b).
A map of the locations where the NODC and LOC

solutions for l1 differ by more than 610% is shown in
Fig. 10. The influences of the effects of isobaric aver-
aging and large horizontal smoothing are readily ap-
parent. By comparison with the dynamic height field
superimposed on Fig. 10, it can be seen that most of
the large discrepancies are associated with regions of
steeply sloping isopycnal surfaces, for example, the Gulf
Stream and its northward extension around Grand Banks
and Flemish Cap. The LOC values of the Rossby radius
are more than 10% larger than the NODC values on the
right side (when facing downstream) of this current sys-
tem. Likewise, the LOC values are 10% smaller than
the NODC values on the left side. Locations of more
than 610% differences are also found along the eastern
continental margin and more or less randomly distrib-
uted over the open ocean poleward of 408N where l1
becomes very small (less than 20 km) and small dif-
ferences are therefore a large fraction of the NODC
value. Some of these differences are likely attributable
to the different quality control procedures applied to the
historical hydrographic data.
The differences between estimates of l1 from the

LOC and NODC datasets can be understood by consid-
eration of the WKB approximation (2.4). As shown by
the example vertical sections of density in Figs. 11a and
11b, the mean Gulf Stream is much broader and less
well defined in the NODC data than in the LOC data.
As a result, the vertically integrated N(z) and hence,
from (2.2), the WKB approximation of the gravity-WKBc1
wave phase speed, are weaker on the equatorward side
of the Gulf Stream in the isobaric averaged and heavily
smoothed NODC data (Fig. 11d). As expected from the
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Fig. 1. Temporal means (A, B), linear trends (C, D) and multi-annual variability (E, F) in 
Antarctic Continental Shelf Bottom Water (ASBW).  Conservative temperature (A, C) and 
absolute salinity (B, D) at the seabed for depths shallower than 1500m for the period 1975 to 
2012.  Trends (C, D) not statistically significant different from zero are hatched.  (E, F) 5-year 
median properties since 1975, interquartile ranges and median trends for selected areas.  
Abbreviations used for surrounding seas are Bellingshausen Sea (BS), Amundsen Sea (AS), Ross 
Sea (RS), Cosmonaut Sea (CS) and Weddell Sea excluding the Antarctic Peninsula (WS). 
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Changing shelf conditions:  warming or dynamics?

Schmidtko et al. (2014)



Sea (Fig. 3E). Significant shoaling of WW is
present in the eastern Indian Ocean sector and
Amundsen Sea (Fig. 3F). Origins of the salinity
changes inWWare likely to differ among regions,
including changes to sea ice concentration caused
by ice motion trends (15) and changes to sea ice
concentration caused by increased accumulation
of ice shelf meltwater (16).

The trends in Figs. 1 and 2 show a link be-
tween changes in the properties of ASBW and
those of CDW over the continental slope. The
CDW thermal structure may be broadly cate-
gorized into two regimes, shown schematically
in Fig. 4: CDW (i) sloping upward or (ii) sloping
downward toward the shelf break. The Weddell
and Ross gyres are subject to a large-scale cy-

clonic wind stress, leading to strong easterly
winds over the shelf break that depresses iso-
therms (Fig. 4B). Cyclonic wind patterns are
also found over the Amundsen and Bellingshausen
seas, but the center of the low-pressure systems
is found over the continental shelf. Thus, in these
regions, weaker easterly or evenwesterlywinds are
found at the shelf break, causing upward-tilting
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Fig. 3. Temporal means and linear trends in Winter Water (WW). (A to F) Conservative temperature [(A) and (D)], absolute salinity [(B) and (E)], and core
depth [(C) and (F)] of WW between 1975 and 2012 are shown in terms of temporal means [(A) to (C)] and linear trends [(D) to (F)]. Trends not significantly
different from zero are hatched. Fronts (28) related to the ACC are shown as black lines. Only regions where the ocean depth exceeds 1500 m and the
underlying CDW is cooler than 2.8°C are shown.

Fig. 2. Temporal means and linear trends in Circumpolar Deep Water (CDW). (A to F) Conservative temperature [(A) and (D)], absolute salinity [(B) and
(E)], and core depth [(C) and (F)] of CDW between 1975 and 2012 are shown in terms of temporal means [(A) to (C)] and linear trends [(D) to (F)].Trends not
significantly different from zero are hatched. Fronts (28) related to the ACC are shown as black lines.Only regions where the ocean depth exceeds 1500mand the
underlying CDW is cooler than 2.8°C are shown. (G) Trends and data for selected locations.
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different from zero are hatched. Fronts (28) related to the ACC are shown as black lines. Only regions where the ocean depth exceeds 1500 m and the
underlying CDW is cooler than 2.8°C are shown.
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Changing shelf conditions:  warming or dynamics?

Decadal changes to Antarctic ice-sheet forcing will require understanding of coupled atmosphere-ocean-sea ice dynamics. 

(and bathymetry!)

Schmidtko et al. (2014)



LETTERS NATURE GEOSCIENCE DOI: 10.1038/NGEO2289

60

61

62

63

Powell
Basin

Joinville
Ridge

Yearday

20 45 70
64

0

200

400

600

800

52.6

Section A

52.4 52.2 52.0 51.8
1,000

56 54 52 50
Longitude (° W)

La
tit

ud
e 

(°
 S

)
D

ep
th

 (m
)

48 46 44
500 1,000

Depth (m)
1,500

MCDW

WSDW

WW

0.5

0.0

1

0

−1

−2−0.5

0.5

0.0

−0.5

−1

−1.5
34.45 34.50 34.55

Salinity
34.60 34.65

−1.0

−1.5

50

60

70

75 55

Weddell
Sea

Drake
Passage

35

5,000

4,000

3,000

2,000

1,000

0

I
J

D
C

B

A

EF
G

H La
tit

ud
e 

(°
 S

)

Longitude (° W)

Longitude (° W)

WSDW

MCDW

WW

34.4 34.634.2

Po
te

nt
ia

l t
em

pe
ra

tu
re

 (°
C)

Po
te

nt
ia

l t
em

pe
ra

tu
re

 (°
C)

Potential tem
perature (°C) 28.0

28.4

a

c

d

e

b

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 shows the temporal evolution of the glider positions. b, Location of a. c, Potential temperature
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 position of the glider observations. The grey contour shows the 34.61 isohaline. d, Temperature/salinity diagram for section A; colour
indicates depth of the water column (m) at the measurement position. e, Expanded view of the outlined region in d. The contours are isolines of neutral
density; contour spacing is 0.1 kg m�3.

We next present maps of PV (defined in Methods, equation (3))
to diagnose eddy mass transport. PV is a conservative tracer along
density surfaces if diabatic processes are small, and mesoscale
stirring is assumed to relax PV gradients. Similar to the ACC (ref. 7)
or the mid-latitude atmospheric circulation20, a down-gradient flux
of PV by eddies acts to relax density layer thickness gradients. In
other words, eddies flux mass down thickness gradients through
a residual velocity vector vres, defined as v0h0/h, where h is the
thickness of a density layer and v is the horizontal velocity vector; (·)
implies a time and along-stream average and primed quantities are
deviations from this mean. Applying a di�usive parameterization
gives vresh⇡�Krh, where K is an eddy di�usivity7. At the
Antarctic margins, thickness gradients are largest in the
cross-slope direction.

Distributions of PV are similar across the di�erent glider
sections (Fig. 2 and Supplementary Fig. 2). PV is enhanced at the
shelf break, consistent with the V-shaped structure of the ASF
(ref. 1). Over the continental slope, PV anomalies arise owing to
the cross-slope advection of density surfaces by Ekman transport

in frictional boundary layers21. Mapping the PV distribution into
density, as opposed to depth, coordinates reveals substantial along-
isopycnal PV (or thickness) gradients, in some cases exceeding
an order of magnitude change in PV over 50 km. Density layers
shoal moving towards the shelf break, but they also thin. Figure 2c
shows the thickness of three density classes, superimposed on
the cross-section velocity field. Each layer exhibits a large-scale
thinning towards the shelf break. In the lowermost layer, the
thickness gradient is enhanced across the width of the bottom-
intensified ASF. This is a common feature in the di�erent sections
that can arise from the vertical advection of density surfaces
where the bottom Ekman transport is convergent (Fig. 3b). This
increase in the thickness gradient may balance a suppression
of cross-slope transport associated with the ASF. Overall,
down-gradient PV fluxes acting on the observed stratification
result in an onshore eddy flux of MCDW throughout most of
the water column. The meridional transport is a combination
of this eddy transport and Ekman transports in top and bottom
boundary layers.

2 NATURE GEOSCIENCE | ADVANCE ONLINE PUBLICATION | www.nature.com/naturegeoscience

Eddy-driven heat transport onto the continental shelf

Thompson et al. (2014)
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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 shows the temporal evolution of the glider positions. b, Location of a. c, Potential temperature
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 position of the glider observations. The grey contour shows the 34.61 isohaline. d, Temperature/salinity diagram for section A; colour
indicates depth of the water column (m) at the measurement position. e, Expanded view of the outlined region in d. The contours are isolines of neutral
density; contour spacing is 0.1 kg m�3.

We next present maps of PV (defined in Methods, equation (3))
to diagnose eddy mass transport. PV is a conservative tracer along
density surfaces if diabatic processes are small, and mesoscale
stirring is assumed to relax PV gradients. Similar to the ACC (ref. 7)
or the mid-latitude atmospheric circulation20, a down-gradient flux
of PV by eddies acts to relax density layer thickness gradients. In
other words, eddies flux mass down thickness gradients through
a residual velocity vector vres, defined as v0h0/h, where h is the
thickness of a density layer and v is the horizontal velocity vector; (·)
implies a time and along-stream average and primed quantities are
deviations from this mean. Applying a di�usive parameterization
gives vresh⇡�Krh, where K is an eddy di�usivity7. At the
Antarctic margins, thickness gradients are largest in the
cross-slope direction.

Distributions of PV are similar across the di�erent glider
sections (Fig. 2 and Supplementary Fig. 2). PV is enhanced at the
shelf break, consistent with the V-shaped structure of the ASF
(ref. 1). Over the continental slope, PV anomalies arise owing to
the cross-slope advection of density surfaces by Ekman transport

in frictional boundary layers21. Mapping the PV distribution into
density, as opposed to depth, coordinates reveals substantial along-
isopycnal PV (or thickness) gradients, in some cases exceeding
an order of magnitude change in PV over 50 km. Density layers
shoal moving towards the shelf break, but they also thin. Figure 2c
shows the thickness of three density classes, superimposed on
the cross-section velocity field. Each layer exhibits a large-scale
thinning towards the shelf break. In the lowermost layer, the
thickness gradient is enhanced across the width of the bottom-
intensified ASF. This is a common feature in the di�erent sections
that can arise from the vertical advection of density surfaces
where the bottom Ekman transport is convergent (Fig. 3b). This
increase in the thickness gradient may balance a suppression
of cross-slope transport associated with the ASF. Overall,
down-gradient PV fluxes acting on the observed stratification
result in an onshore eddy flux of MCDW throughout most of
the water column. The meridional transport is a combination
of this eddy transport and Ekman transports in top and bottom
boundary layers.
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Thus,  e makes a critical contribution to the total overturning,
which is the sum of  w and  e, and is balanced by the o�shore
transport in the bottom boundary layer.

The along-stream-averaged approach suggests that other
sections should be statistically similar. A sustained onshore PV
gradient is found along all sections crossing the shelf break
in the northwestern Weddell Sea (Fig. 3), consistent with an
onshore eddy transport at intermediate depths. The grey blocks
in Fig. 3a indicate the locations of strong, bottom-intensified
velocities. In sections A, C, F, G, H, I and J these frontal
positions are associated with local modifications to the PV
gradient, which imply a small-scale modification of K across
the fronts.

The observed PV gradients confirm the key elements of the
Antarctic marginal overturning circulation, summarized in Fig. 3b.
Wind stress typically produces an onshore Ekman transport and a
sea surface height gradient consistent with a westward geostrophic
flow at the shelf break1,19. The continental slope focuses the along-
slope flow into narrow frontal currents owing to a preference
for flow along contours of f /H (conservation of PV). In regions
of dense water export, slope currents are bottom intensified. A
frictional down-slope Ekman transport arises that is proportional to
the frontal speed above the bottom Ekman layer23. Lateral shear in

the frontal currents produces regions of bottomEkman convergence
(o�shore) and divergence (onshore). In the interior, the flow is in
geostrophic balance. If along-slope pressure gradients are weak or
integrate to zero in the case of a circumpolar flow, then a mean
cross-slope flow v cannot be supported. In this case, the mean
overturning is similar to the ACC’s Deacon cell7: vertical velocities
connect Ekman layers at the surface and sea floor. However, in the
absence of large vertical velocities, the overturning may be closed in
the interior by an eddy transport, directed along density surfaces and
mediated by correlations in cross-slope velocity and density layer
thickness anomalies v 0h0. At the shelf break, both  w and  e act
to release available potential energy, whereas buoyancy forcing on
the shelf is a source of available potential energy that maintains the
tilted isopycnals.

Direct resolution of these dynamics in numerical models
requires 1 km grid spacing24, for � ⇡ 5 km. Application of the
Gent–McWilliams di�usive parameterization25 encourages the
relaxation of tilted density surfaces towards a horizontal orientation.
However, the extraction of potential energy from the background
stratification is minimized not when the density surfaces are flat,
but rather when they are parallel to the bottom slope26. A PV-based
parameterizationmay provide amore accurate representation of the
eddy fluxes in this case.

4 NATURE GEOSCIENCE | ADVANCE ONLINE PUBLICATION | www.nature.com/naturegeoscience
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• Within the CDW layer of thickness h(x, y, t), the transport is

hv = !!✒
0

hv + h′v′ = −κhy.

• Suppression of eddies over the continental slope =⇒ steep isopycnal
slope, very small κ. (Stewart and Thompson, JPO 2013)
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Figure 2. Sensitivity of cross-slope transports of Antarctic Surface Water (FAASW), Circumpolar Deep Water (FCDW),
and Antarctic Bottom Water (FAABW), which are sketched in Figure 1 and defined in section 3, to surface forcing and
bathymetry. The panels show the sensitivity to (a) the wind stress maximum amplitude !max, (b) the brine rejection
rate on the continental shelf Σpolynya, (c) the depth of the continental shelf Hshelf, (d) the width of the continental
slope Wslope, (e) the offset of the wind stress maximum from the center of the continental slope (Lwind), and (f ) the
model’s horizontal grid spacing Δx . Figure 2a also shows the theoretical wind-driven southward surface Ekman transport
(FEkman = !max∕"0|f0|, dashed curve), which agrees closely with the shoreward transport of AASW.

The horizontal grid spacing is Δx =1 km, and there are 53 vertical grid boxes with heights ranging from
13 m at the surface to 100 m at the ocean bed. The numerical time step is Δt =179 s. Advection of
temperature and salinity is performed using a second-order moment advection scheme [Prather, 1986]
in order to minimize spurious numerical mixing [Hill et al., 2012]. For numerical stability, we apply a
horizontal Laplacian viscosity of 12 m2 s− 1 and a vertical Laplacian viscosity of 3×10− 4 m2 s− 1. We also
employ a horizontal biharmonic viscosity with Courant-Friedrichs-Lewy number 0.1, and biharmonic Leith
and modified-Leith viscosities [Fox-Kemper and Menemenlis, 2008] with coefficients both equal to 1. The
only explicit mixing of potential temperature and salinity is via a vertical diffusivity of 5 × 10− 6 m2 s− 1. This
mixing is supplemented by the K Profile Parametrization (KPP) [Large et al., 1994], which enforces a surface
mixed layer of at least 50 m depth. The ocean’s equation of state is computed using the numerically efficient
algorithm of McDougall et al. [2003].

3. Sensitivity to Surface Forcing and Continental Slope Geometry

To investigate the dynamical controls on the cross-slope transports of AASW, CDW, and AABW, we conduct
a series of sensitivity experiments varying the wind stress maximum !max, the polynya salt forcing Σpolynya,
the shelf depth Hshelf, the continental slope width Wslope, the wind stress offset Lwind, and the grid spacing Δx

(Figure 2). These parameter variations are summarized in Table 1. In each parameter configuration, we first
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Eddy- and tidally-driven heat transport onto the continental shelf

Stewart et al. (2018)
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Figure 2. (a–h) Depth-integrated offshore heat flux in each of the Antarctic sectors illustrated in Figure 1. In each panel
the heat flux is decomposed into components due to mean flows, eddies, and tides, as described in the text. In each
panel the ordinate is given both in bathymetric coordinates (upper axis) and in a pseudo-offshore coordinate system
that approximates true distance from the Antarctic coast (lower axis). In Figures 2g and 2h we indicate heat flux
magnitudes using dashed lines because the lack of high-resolution bathymetric data in these sectors (Smith & Sandwell,
1997) has likely distorted the results.

requires the use of hundreds of compute cores for several days, even after the process has been optimized for
computational efficiency. However, our decomposition (1) is supported by qualitative and quantitative differ-
ences between the diagnosed eddy and “tidal” components of the flow, for example, in their relative kinetic
energies (Figures 3d and 3e). Furthermore, spectral analysis of the potential temperature, salinity, and kinetic
energy demonstrates that daily averaging effectively removes high-frequency variability associated with the
tides (see supporting information Figure S2). Also, for reasons of computational efficiency, the heat flux terms
in (2) were computed using 6-hourly snapshots of the model state. We selected this frequency based on a
convergence study that shows that using higher-frequency output data yields essentially no difference in the
eddy/tidal kinetic energy and cross-isobath heat flux (see supporting information Figure S3).

3. Shoreward Heat Transport Across the Antarctic Slope Front

We first quantify shoreward heat transport by mean flows, eddies, and tides around the entire Antarctic con-
tinent. There is pronounced spatial heterogeneity in the shelf water masses (Whitworth et al., 1998), so we
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An incomplete picture of circumpolar variability at the Antarctic margins
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Figure 3. a) The CS-2 2011-2016 mean dynamic ocean topography (DOT) estimated relative to 819 
the GOCO05c geoid (cm) with contours drawn every 10cm; b) the mean current speed (cm/s); c) 820 
the difference between the GOCO05c and EGM2008 geoid models (cm) for the Weddell Sea 821 
region (the black box in (b)); d) the GOCO05c and e) the EGM2008 current speed (cm/s) in the 822 
Weddell Sea region. 823 

  824 

Dynamic ocean topography Mean geostrophic velocity field

Armitage et al. (2018)

Sea surface height variability in the ice-covered Southern Ocean

Radar altimetric data from CryoSat-2 has been used for the first time to generate a  
6-year time series (2011-2016) of sea surface height that spans the entire Southern Ocean.
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Figure 7. a) The sea level difference (cm) and b) the change in current speed (%) between autumn 840 
(AMJ) and spring (OND). The missing data and increased spatial variability adjacent to the 841 
western Antarctic Peninsula reflects the poor data coverage in this region (Figure 2). 842 

  843 

The seasonal cycle of the ASF has a coherent, circumpolar signal.

The seasonal cycle of the Antarctic Slope Current
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 844 

Figure 8. Composites of SLA (cm) for positive (a) and negative (b) SOI. The number of months 845 
is shown in brackets and the black contour contains regions where the SLA is significantly 846 
correlated with the SOI at the p < 0.05 level. Composites of surface atmospheric conditions for 847 
positive (c) and negative (d) SOI. Contours show sea level pressure every 1 mbar, solid contours 848 
positive, dashed contours negative, and vectors are the 10-m wind. 849 
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 851 

Figure 9. As in Figure 8, for the Southern Annular Mode. Shown in yellow in (a) and (b) is the 852 
southern boundary of the ACC as defined by Orsi et al. [1995]. 853 
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(Southern Oscillation Index) 

+ = La Niña conditions 
- = El Niño conditions

SAM 
(Southern Annular Mode) 

+ = Intensification and 
contraction of westerlies 

- = Weakening and 
expansion of westerlies

Modes of climate variability and the Antarctic margins
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Projections of global sea-level change over the next century are 
highly uncertain due to insufficient understanding of the pro-
cesses causing mass loss from the Antarctic and Greenland 

ice sheets1. The West Antarctic Ice Sheet (WAIS), which is mostly 
grounded below sea level2 (a marine ice sheet), contains sufficient 
ice above floatation to increase global sea-level by over 3 m (ref. 3). 
Ice-sheet models4–6 suggest that mass loss will accelerate as glaciers 
and ice streams respond dynamically to internal instability mecha-
nisms5,7. The predicted ice loss on timescales of decades to centuries 
from WAIS is about 1 m of global sea-level equivalent, with full ice-
sheet loss within a few millennia5,6.

The acceleration of grounded ice loss in the Amundsen Sea 
(AS) sector of the WAIS has been attributed to reduced backstress 
as the fringing ice shelves thin and their grounding lines retreat5,8. 
The rapid, sustained thinning of the AS ice shelves9,10 appears to be 
caused by increasing wind-driven flow of warm Circumpolar Deep 
Water (CDW) into the ocean cavities beneath ice shelves, enhancing 
basal melting10,11. Models12,13 and limited observations14,15 suggest 
that ice shelves might respond to changes in CDW circulation on 
interannual timescales. However, a paucity of time series of ocean 
observations on the continental shelf offshore of AS ice shelves and 
in the sub-ice cavities limits our ability to confirm this hypothesis, 
leading us to seek indirect measures of the sensitivity of ice-shelf 
mass change to large-scale climate variability.

Climate variability in the Antarctic Pacific sector
The El Niño/Southern Oscillation (ENSO), the Southern Annular 
Mode (SAM, or Antarctic Oscillation) and variability of the 
Amundsen Sea Low (ASL) are well-known climate drivers of interan-
nual changes in the Antarctic Pacific sector16–19. ENSO is the leading 
mode of ocean–atmosphere variability on timescales of 2–7 years in 
the tropical Pacific, and is the strongest interannual climate fluctuation 
at the global scale20. ENSO causes much of the observed variability of 
the atmosphere, ocean and sea ice in the Amundsen–Bellingshausen 

Sea sector12,13, which exhibits the largest climate fluctuations around 
Antarctica17,21. Observed regional responses to ENSO include changes 
in snowfall22–24, surface air temperature25, sea-ice extent16,26,27, upwell-
ing of CDW near the front of Pine Island Glacier’s ice shelf14 and varia-
tion in basal melting under Getz Ice Shelf15.

The SAM is a major driver of climate variability in the Southern 
Hemisphere, strongly influencing precipitation and temperature 
patterns from the subtropics to Antarctica28,29. SAM is usually stron-
gest in austral spring and summer30. The phase of SAM influences 
the effect of ENSO in Antarctica, with the strongest Pacific sec-
tor response to ENSO when SAM is weak or in opposite phase31 
(that is, with the combinations La Niña/SAM+  and El Niño/SAM– 
strengthening the atmospheric circulation anomalies in the mid- 
to-high latitudes).

The ASL is a persistent atmospheric low-pressure system located 
within the Amundsen and Bellingshausen seas, and plays the domi-
nant role in determining the regional-scale pattern of atmospheric 
circulation across West Antarctica17–19. Through changes in strength 
(that is, central pressure) and position, ASL determines the wind 
anomalies in all seasons, strongly influencing snowfall, temperature 
distribution and sea-ice conditions near AS ice shelves19. Variations 
in the ASL position and strength are driven by tropical Pacific 
ocean–atmosphere variability (ENSO) and fluctuations in Southern 
Hemisphere pressure17–19. ASL central pressure tends to be lower 
during positive SAM conditions and La Niña years, and higher dur-
ing El Niño years17,31,32.

In this study, we show that ice-shelf height and mass changes in 
the Pacific sector, in particular the AS sector (Fig. 1), are correlated 
with interannual variability in regional atmospheric and oceanic 
circulation driven by ENSO.

Interannual changes in ice-shelf height
We merged data from four European Space Agency satellite radar-
altimetry missions (ERS-1, ERS-2, Envisat and CryoSat-2) to create 

Response of Pacific-sector Antarctic ice shelves to 
the El Niño/Southern Oscillation
F. S. Paolo1,2*, L. Padman! !3, H. A. Fricker1, S. Adusumilli1, S. Howard4 and M. R. Siegfried! !1,5

Satellite observations over the past two decades have revealed increasing loss of grounded ice in West Antarctica, associated 
with floating ice shelves that have been thinning. Thinning reduces an ice shelf’s ability to restrain grounded-ice discharge, 
yet our understanding of the climate processes that drive mass changes is limited. Here, we use ice-shelf height data from 
four satellite altimeter missions (1994–2017) to show a direct link between ice-shelf height variability in the Antarctic Pacific  
sector and changes in regional atmospheric circulation driven by the El Niño/Southern Oscillation. This link is strongest from 
the Dotson to Ross ice shelves and weaker elsewhere. During intense El Niño years, height increase by accumulation exceeds 
the height decrease by basal melting, but net ice-shelf mass declines as basal ice loss exceeds ice gain by lower-density snow. 
Our results demonstrate a substantial response of Amundsen Sea ice shelves to global and regional climate variability, with 
rates of change in height and mass on interannual timescales that can be comparable to the longer-term trend, and with mass 
changes from surface accumulation offsetting a significant fraction of the changes in basal melting. This implies that ice-shelf 
height and mass variability will increase as interannual atmospheric variability increases in a warming climate.
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functions; EOFs) using multivariate singular spectrum analysis 
(SSA) (Methods)44,45. This spectral decomposition allowed us to 
detect small, coherent signals (with time-variable amplitude and 
phase) in short and noisy records while testing the significance of 
extracted modes46. This is a standard procedure for identifying the 
dominant frequencies of ENSO in time series of climate indices44.

The spectrum of changes in ice-shelf height (Supplementary 
Fig. 5) identified two statistically significant (at the 95% level) spec-
tral regions: a band with characteristic periodicity of 4–5 years (first 
and second EOFs); and the less energetic annual cycle (third and 
fourth EOFs). We obtained the same dominant interannual mode 
(~4–5 year timescales) when we applied univariate SSA to the full 
ONI record (1950 to 2017), also represented by the leading pair of 
EOFs44 (not shown). This agreement between dominant timescales 
for ONI and ΔhOBSsupports the presence of a causal link between 
ENSO and the variability of the AS sector ice shelves.

To quantify the extent of the ENSO influence across the region, 
we derived a ‘similarity index’ (that is, a distance metric) between 
the variance-normalized time-integrated ONI and δh(t) averaged 
over each ice shelf in the Pacific sector (Methods). Dotson and 
Getz ice shelves in the AS sector, and Nickerson, Sulzberger and 
Ross, have the greatest similarity with ENSO (Fig. 5). Getz Ice Shelf 
dominates the AS sector-averaged variability because it accounts for 
about 60% of the total AS ice-shelf area, is centred on the ENSO 
precipitation anomaly (Figs.  3c and 4c) and has a large inferred 
ENSO-driven basal melt-rate anomaly (Fig. 4d and Supplementary 
Table 1). These results suggest that Getz Ice Shelf is the largest con-
tributor to ENSO-driven variability of freshwater flux to the AS.

Climate controls on ice-shelf change
Besides ENSO and ASL, other regional modes of interannual vari-
ability (for example, the zonal wave three47) may also contribute 
to observed changes in the Pacific-sector ice shelves, even though 
their correlations with δh(t) might be negligible; for example, SAM 
(Table  1). These other modes interact with ENSO and with each 
other to drive complex patterns of ice-shelf height change that can-
not be solely explained by a linear combination of climate modes.  

Further, studies17,19,27,32 correlating ENSO tropical forcing with 
Pacific sector climate indicators, such as the ASL strength, sea-ice 
extent and Antarctic Peninsula temperature, have found that cor-
relations with ENSO are significant for some seasons while not 
for others, with reversals of the sign of the correlation from sea-
son to season in some cases. Changes in the ASL strength, loca-
tion and extent, which all exhibit large interannual variability 
(Supplementary Fig. 8), mean that each distinct ENSO event yields 
different responses in individual ice shelves, depending on their 
location. Our ice-shelf height and mass assessments for the AS sec-
tor (Fig. 4 and Supplementary Table 1) reflect the unique environ-
mental conditions of the strong 1997–2000 ENSO period, during 
which the change in ASL between El Niño and La Niña cycles was 
exceptionally large. In contrast, the strong 2015–2016 El Niño, char-
acterized by remarkably large changes in tropical sea surface tem-
perature, did not impact AS ice shelves in the same way (Figs. 1a 
and 5). This was probably a result of El Niño interaction with a posi-
tive SAM during the development phase, a northward displacement 
of the ASL relative to previous strong El Niños48 (Supplementary 
Fig. 8) and absence of a following strong La Niña.

The dominant effect of El Niño on AS ice-shelf mass is the 
increased basal melting associated with onshore flow of CDW and 
coastal upwelling as westerly wind stress intensifies (Fig.  3a)12–14. 
On interannual timescales, this basal mass loss anomaly, relative 
to the longer-term mass loss trend9, is partially offset by increased 
snowfall. This precipitation increase is consistent with the northerly 
wind anomaly during El Niño events (Fig. 3a), possibly including 
increased local moisture uptake from the coastal ocean due to a 
reduction in regional sea-ice concentration (Fig. 3d).

The reversed pattern of meridional-wind anomalies between 
the AS and Bellingshausen Sea–Antarctic Peninsula (BS/AP) sector  
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a, Altimetry-derived ice-shelf height changes (La Niña minus El Niño). 
b, Height change due to atmospheric pressure, derived from ERA-
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Aqua/MODIS corrected reflectance images
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Figure 1. Examples of the MIZs displaying signatures of small scale ocean eddies. A, B, C are the Aqua/MODIS

corrected reflectance images (worldview.earthdata.nasa.gov) corresponding respectively to the Beaufort Gyre MIZ on

07/09/2014, Labrador current of the cost of Labrador (Canada) on 04/27/2016, and Fram Strait on 03/09/2016. Displayed

latitude/longitude spacing corresponds to about 100 km grid. D. Ocean hydrography as measured by the Ice Tethered

Profiler #77 (www.whoi.edu/itp), located in the Beaufort Gyre MIZ during year 2014. Colors represent temperature and

green contours represent density spaced by 1 kg m
�3

. Inset shows the ITP track, sea ice concentration map, and 1 km

bathymetry contours.
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Mesoscale variability in the marginal ice zone
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Submesoscale variability(?) in the marginal ice zone
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Figure 2. Initial conditions for the coupled sea ice-ocean simulations of a MIZ. A. Sea

ice concentration, c, plotted as a function of cross-frontal distance representing a gradual

transition from the ice-free ocean towards an ice-covered ocean. B. Initial ocean stratifi-

cation initializing a melt-water front with freshwater mixed layer depth, Hm, and saltier

deeper mixed layer of depth Hd. Green curves are isohalines with 0.125 intervals; the bulk

horizontal salinity di↵erence is 1.2 and the stratification below the mixed layer matches

averaged ITP#77 hydrography. This idealized configuration aims to represent MIZs of

e.g. Fram Strait or Labrador Current. C,D show a frontal configuration with the sea ice

located over the saltier ocean mixed layer corresponding to conditions representative of

the Beaufort Gyre MIZ in 2014 [Lee et al , 2016].
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increases with depth, up to 50 m at the bottom of the 400 m-deep domain. The model179

domain is a periodic channel aligned along the MIZ with free-slip boundary conditions180

in the cross-front direction as well as at the bottom. Since at near-freezing temperatures181

the thermal expansion coe�cient is much smaller than the haline contraction coe�cient182

(�S = 10�3), we consider the ocean density to be controlled by its salinity (linear equa-183

tion of state) with the temperature acting as a passive tracer (this approximation is also184

justified because of large salinity gradients across MIZs).185

The MITgcm equations of motion of sea ice [Losch et al , 2010] are based on its repre-186

sentation as a continuous media :187

m
@ui

@t
= �mfk⇥ ui + ⌧⌧⌧ �mr�(0) +r · ���, (1)188

@m

@t
= �r(uim), (2)189

where the index i stands for ocean variables, m = ch is the volume of ice per unit area (c190

is sea ice concentration and h is the mean thickness) u is the horizontal sea ice velocity, f191

is the Coriolis parameter, ⌧⌧⌧ is the ice-ocean stress, �(0) = g⌘ +mg/⇢0 is the sea surface192

height potential in response to ocean dynamics and ice loading, and ��� is the stress tensor193

representing sea ice rheology [Hibler , 1979]. Note that the sea ice momentum advection194

represents a minor contribution which is neglected in the MITGCM sea ice package [Losch195

et al , 2010].196

The driving mechanism for the sea ice motions in our simulations is the ice-ocean stress197

associated with di↵erences in the speeds between the ice and the upper-ocean circulation.198

The ice-ocean stress in Eq. 1 is parameterized as199

⌧⌧⌧ = c⇢0Cd(uo � ui)|uo � ui|, (3)200
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tion of state) with the temperature acting as a passive tracer (this approximation is also184

justified because of large salinity gradients across MIZs).185

The MITgcm equations of motion of sea ice [Losch et al , 2010] are based on its repre-186

sentation as a continuous media :187

m
@ui

@t
= �mfk⇥ ui + ⌧⌧⌧ �mr�(0) +r · ���, (1)188

@m

@t
= �r(uim), (2)189

where the index i stands for ocean variables, m = ch is the volume of ice per unit area (c190

is sea ice concentration and h is the mean thickness) u is the horizontal sea ice velocity, f191

is the Coriolis parameter, ⌧⌧⌧ is the ice-ocean stress, �(0) = g⌘ +mg/⇢0 is the sea surface192

height potential in response to ocean dynamics and ice loading, and ��� is the stress tensor193

representing sea ice rheology [Hibler , 1979]. Note that the sea ice momentum advection194

represents a minor contribution which is neglected in the MITGCM sea ice package [Losch195

et al , 2010].196

The driving mechanism for the sea ice motions in our simulations is the ice-ocean stress197

associated with di↵erences in the speeds between the ice and the upper-ocean circulation.198

The ice-ocean stress in Eq. 1 is parameterized as199

⌧⌧⌧ = c⇢0Cd(uo � ui)|uo � ui|, (3)200
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Sea-ice momentum:

Coriolis Ice- 
ocean 
stress

SSH 
potential

stress 
tensor 
(sea ice 

rheology)

Ice-ocean stress:

The sea-ice rheology resists convergence but not divergence.

The velocity difference between ocean and ice velocities is 
strongly dependent on ice thickness.

m = ch

Horizontal resolution:  500 m,    Vertical resolution:  2 m

Lateral T/S fronts are a common feature of the marginal ice zone (e.g. Lu et al. 2015)

Idealized simulations
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Figure 10. Hovmöller diagrams for zonally-averaged eddy flux of a) the e↵ective

sea ice thickness, Fice (Section 6) and b horizontal temperature flux in the mixed layer.

Negative sea ice thickness and positive temperature fluxes imply a down-gradient eddy

tracer transport. The green curve denotes the time evolution of the location of zonally-

averaged near-freezing surface ocean temperatures (see Fig. 9 green curve for an example

of its spatial distribution). The dashed black curve denotes the time evolution of the

boundary between sea ice and the ice-free ocean; this corresponds to an e↵ective sea ice

thickness of 0.05 m. Ocean heat fluxes occur in the expanding MIZ region that is located

between the green and the black curves.
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Upper ocean turbulence drives a 
down-gradient ice flux that can be 
described by a thickness diffusivity:

K ⇡ 200 m2 s�1

Turbulent sea ice diffusion
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Figure 3. Mechanical and thermodynamical influence of ocean on sea ice during characteristic summer Arctic conditions. (a)
Normalized histogram of sea ice concentrations in over the summer Arctic (shown in bars) and a correlation coefficient
between the sea ice and upper-ocean vorticity as a function of sea ice concentration (blue curve). Note the abrupt transition to
enhanced vorticity correlations for concentrations below about 80%. (b) Histograms of ocean vorticity (yellow) and sea ice
vorticity for concentrations above and below 80% (blue and red curves correspondingly). (c) Probability density function of sea
ice volume anomalies over cyclones (red) and anticyclones (blue); inset shows the distribution of sea ice thickness (colors) over
a sample cyclone-anticyclone dipole with with green arrows showing the corresponding upper-ocean velocities. (d) Probability
density function of ocean-ice heat fluxes in anticyclones (red) and cyclones (blue). (e) Deviation of ocean temperature from
freezing along a example transect which includes a strong anticyclonic eddy (located between 250 km and 350 km) and plotted
on a log-scale; colorbar near the surface shows the corresponding ice-ocean heat fluxes.
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Figure 4. Seasonal variations in upper-ocean variability and ocean-ice heat fluxes. Snapshots of summer and winter vorticity
(a,e) and ice-ocean heat flux (b,f) demonstrating the dominance of small-scale processes in ice-ocean interactions. Seasonal
evolution of the upper-ocean vorticity variance (c) and vorticity dissipation rates (d) for flows in messocale and submesoscale
range (defined by the 30 km spacial filtering). (g) Kinetic energy and density spectra contrasted for summer (blue curves) and
winter (red) months; dashed curves denote k�1 and k�4 power-laws for guidance.
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“Footprints” of upper ocean turbulence on ocean-ice exchange

Manucharyan & Thompson (2018)



Conclusions

• Extend and introduce products that inform atmosphere-ocean-ice coupling:   
air-sea fluxes! 

• Need for in situ measurements (autonomy? seals?) to increase the utility of remote 
sensing products. 

• Parallels between ice-cliff failure and a dynamic ocean?

• Resolving or parameterizing mesoscale and submesoscale dynamics is critical for 
seasonal-to-decadal scale predictions. 

• Existing meso/submesoscale parameterizations are likely inadequate.
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Figure 1. Map of western and central Bellingshausen Sea. Dots show the locations of all Marine Mammals Exploring the
Oceans Pole to Pole conductivity-temperature-depth (MEOP-CTD) profiles used in this study. Colors indicate the different
years. Contours show 0, 500 (thickened), 1000, 1500, 2000, and 2500 m isobaths from International Bathymetric Chart of
the Southern Ocean bathymetry [Arndt et al., 2013]. Grey shadings indicate the ice shelves in the region: Abbot Ice Shelf
(AIS), Venable Ice Shelf (VIS), Stange Ice Shelf (SIS), George VI Ice Shelf (GVIIS), Bach Ice Shelf (BIS), and Wilkins Ice Shelf
(WIS). Other features include Belgica Trough (BT), Latady Trough (LT), Eltanin Bay (EB), and Ronne Entrance (RE). Dashed
lines are the Southern Antarctic Circumpolar Current (ACC) front and the Southern Boundary defined by Orsi et al. [1995].
The black boxes show the regions in Figures 2 and 3. The insert shows the location of the studied region in Antarctica.

and a weak cyclonic circulation on the continental shelf [Holland et al., 2010]. Here hydrographic data are used
to understand both the water modification processes on the shelf and the circulation in the Belgica Trough.

At the shelf break, the frontal separation of offshore warm, salty CDW and colder, fresher shelf waters is related
to the westward circulation of the Antarctic Slope Current (ASC) [Jacobs, 1991]. The ASC is not apparent along
the western side of the Antarctic Peninsula, where the Southern Boundary of the ACC may flow unimpeded
onto the continental shelf. Yet the ASC is frequently seen in the Amundsen Sea suggesting that the ASC’s initi-
ation is found somewhere in the Bellingshausen Sea. Observations of the exact location of the ASC’s formation
and its subsequent along-stream development are limited.

Although there has been a significant augmentation of oceanic observations in the Bellingshausen Sea by
Argo floats, these hydrographic profiles are mostly north of the continental shelf break and are limited by
the extent of seasonal sea ice. On the continental shelf and especially in the Belgica Trough, hydrographic
data remain limited. Animal-borne observations have become more prevalent in the last decade, mainly in
high-latitude regions by instrumented seals. These seals travel great distances in open water and under sea ice
as they dive to between 500 and 2000 m depth. Water properties are sampled during the nearly vertical ascent
phase of seal dives [Boehme et al., 2009]. Calibrated data collected by the conductivity-temperature-depth
satellite relay data loggers (CTD-SRDLs) efficiently contribute to an improved state estimate of the Southern
Ocean circulation [Roquet et al., 2013]. While the seal data presented here have irregular spatial and temporal
sampling, they are the best available observations that cover, from the shelf break to the coast, a significant
part of the Bellingshausen Sea continental shelf region. They also potentially provide a relatively long time
series to examine evolving shelf break properties that shed light on the variability of the ASC in this region. In
section 2 we describe the hydrographic data; results are presented in section 3. In section 4 we discuss how
offshore properties as well as the continental shelf circulation and bathymetry influence the distribution of
the ice shelf meltwater.

ZHANG ET AL. SHELF CIRCULATION IN BELLINGSHAUSEN SEA 6403

Instrumented seals in the Bellingshausen Sea



 
Fig. 4: Elements of the ROAM-MIZ field experiment. Platforms are: 1. Ship, 2. Underwater 
gliders, 3. Wave Glider, 4. Saildrone, 5. Sailbuoy, 6. SWIFT buoys. The white thick line 
represents the glider ‘bow-tie’ transects, blue dotted lines are the ASV surveys, and the red line 
is the ship survey.   
 
Proposed ship submesoscale survey 
During the July and/or September 2019 ice-voyage, we propose a ship-based underway CTD 
(UCTD, 0-400m) survey at the ocean-ice interface (expected to be overlapping with deployed 
robotics platforms) to resolve the ‘snap shot’ submesoscale field of horizontal TS gradients 
impacted by sea ice-melt. Repeat meridional transects 20-30 km in extent will be separated by 
10 km zonal transects for 20 hours. For the ship moving at 5 knots, this relates to 7 meridional 
transects and 6 zonal transects with vertical profiles taken every 5 km (30 min per profile). An 
additional benefit is the availability of the ship’s flow-through thermosalinograph (TSG) system 
providing horizontal surface TS gradients at <100 m resolution for scaling TS compensated 
fronts; ship-based ADCP providing the vertical shear estimated within the upper ocean as well 
as the relative vorticity field necessary for Rossby and Richardson number estimates; ship-
based fluxes of heat and momentum will also be useful to observe direct air-sea interactions at 
fronts. Similar studies have employed this technique of sampling at the Gulf Stream and Bay of 
Bengal with a key focus on the characterisation of submesoscale instabilities at ocean fronts 
(e.g. Thomas et al. 2013, Callies et al. 2015, MacKinnon et al. 2016, Spiro Jaeger and 
Mahadevan, 2018). Our study region will be novel to the sea ice-ocean interface region of 
Antarctica.  
See https://tos.org/oceanography/assets/docs/29-2_mackinnon.pdf for reference of concept. 
 

Robotic Observations and Modelling of the MIZ: ROAM-MIZ  
Science and Field Planning 

September 2018 
  
Broad Rationale  
This experiment will provide the first detailed seasonal scale observations of air-sea-ice fluxes 
and upper ocean dynamics in the Southern Ocean Marginal Ice Zone (MIZ, Fig. 1). This will be 
achieved using multiple types of autonomous platforms that will sample within open water near 
the edge of, and within, the sea-ice covered Southern Ocean. The primary platform, which will 
sample for a full year, will be profiling gliders, supplemented for shorter-scale missions with 
autonomous surface vehicles (such as Wave Glider, Sailbuoy and/or SWIFT Buoy) 
 
The major scientific objectives of this experiment are to: 

1. Observe and characterise the principle drivers of momentum, heat and freshwater fluxes 
to the ocean mixed layer in the MIZ at scales from hourly to seasonal 

2. Quantifying the role of air-sea-ice fluxes on ocean stratification and ML dynamics 
 
Fronts, or lateral density variations, give rise to baroclinic instability and eddies that convert 
potential energy to kinetic energy in the ocean, resulting in the conversion of horizontal density 
gradients to stratification. The flux of fresh water to the surface ocean by recent ice melt sets up 
large horizontal salinity variations undetectable by satellite observations (except somewhat by 
SST). Furthermore, the uncertainty of ice-ocean interactions in computer simulations requires 
robust observations to perform necessary validation studies.  

 
Fig. 1. Antarctic sea ice concentration in austral winter (1 Oct. 2017). The MIZ represents the entire sea 
ice covered region north of the summer sea ice minimum (white contour). The white box represents the 
proposed field site. The Good Hope monitoring line (thick black line) runs through the center of the site, 
thereby maximizing accessibility via ships frequented by South Africa, Germany and Norway. 
 
A more detailed description of the science rationale and background can be found in the 
accompanying VR proposal (please request it from Seb if not found attached). However, as a 

MIZ-ROAM:  December 2018 - December 2019
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Figure 2. Data availability (given in number of months) during the period 2011-2016 from a) 813 
Radar Altimeter Database System (RADS) ice-free CryoSat-2 (CS-2) pulse-limited and SAR mode 814 
radar altimetry and b) the ice-covered plus ice-free composites. Regions of the open ocean with 815 
less the 72 months of coverage correspond to regions where CS-2 was operated in SAR-816 
Interferometric mode for a portion of the mission. 817 

  818 

Ice-free CryoSat-2 (CS-2) pulse-limited 
and SAR mode radar altimetry Ice-covered plus ice-free composites

Radar altimetric data from CryoSat-2 has been used for the first time to generate a  
6-year time series (2011-2016) of sea surface height that spans the entire Southern Ocean.

Radar altimetry in polar regions
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Figure 4. Seasonal variability of the Weddell Gyre: a) the mean dynamic ocean topography (cm, 825 
the color scale is purposefully saturated to highlight the Weddell Gyre); b) the geostrophic currents 826 
(cm/s); c) seasonal (January-March (JFM), April-June (AMJ), July-September (JAS), October-827 
November (OND)) sea level anomaly composites (cm). The thick black line is the 1km isobath. 828 

 829 

 830 

Figure 5. As in Figure 4, but for the Weddell Gyre. Note the different color scales. 831 

 832 

  833 

Over an annual cycle the gyre deepens in autumn and a shoals in the spring. 

This behavior is reflected in an intensification of the ASC in the fall and a weakening of the ASC in the spring.

The seasonal cycle of the Ross Gyre



Eddy- and tidally-driven heat transport onto the continental shelfGeophysical Research Letters 10.1002/2017GL075677

Figure 2. (a–h) Depth-integrated offshore heat flux in each of the Antarctic sectors illustrated in Figure 1. In each panel
the heat flux is decomposed into components due to mean flows, eddies, and tides, as described in the text. In each
panel the ordinate is given both in bathymetric coordinates (upper axis) and in a pseudo-offshore coordinate system
that approximates true distance from the Antarctic coast (lower axis). In Figures 2g and 2h we indicate heat flux
magnitudes using dashed lines because the lack of high-resolution bathymetric data in these sectors (Smith & Sandwell,
1997) has likely distorted the results.

requires the use of hundreds of compute cores for several days, even after the process has been optimized for
computational efficiency. However, our decomposition (1) is supported by qualitative and quantitative differ-
ences between the diagnosed eddy and “tidal” components of the flow, for example, in their relative kinetic
energies (Figures 3d and 3e). Furthermore, spectral analysis of the potential temperature, salinity, and kinetic
energy demonstrates that daily averaging effectively removes high-frequency variability associated with the
tides (see supporting information Figure S2). Also, for reasons of computational efficiency, the heat flux terms
in (2) were computed using 6-hourly snapshots of the model state. We selected this frequency based on a
convergence study that shows that using higher-frequency output data yields essentially no difference in the
eddy/tidal kinetic energy and cross-isobath heat flux (see supporting information Figure S3).

3. Shoreward Heat Transport Across the Antarctic Slope Front

We first quantify shoreward heat transport by mean flows, eddies, and tides around the entire Antarctic con-
tinent. There is pronounced spatial heterogeneity in the shelf water masses (Whitworth et al., 1998), so we

STEWART ET AL. 837
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