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Abstract Circumpolar Deep Water (CDW) transport across the Antarctic continental slope regulates
the delivery of heat to the shelf and its availability to melt floating ice shelves. The cross-slope density field,
calculated from profiles collected by conductivity-temperature-depth-tagged marine mammals on the East
Antarctic slope (0–160◦E, above 1,000- to 3,000-m isobaths), indicates eddy-driven overturning: onshore
transport of CDW and offshore transport of shallower Antarctic Surface Water. Enhanced eddy activity,
determined by a spice standard deviation threshold in the CDW layer, is present over about a third of the
East Antarctic slope analyzed. Significantly stronger CDW transport in regions of elevated spice variability
produces subsurface temperature anomalies of 0.2–0.25 ◦C relative to the East Antarctic average.
Estimating eddy diffusivity from the hydrography yields about 0.8 m2/s of warm CDW transport to the
shelf break in high-variability regions. Variability of eddy-induced CDW transport influences the reservoir
of heat available for transport across the shelf break.

Plain Language Summary The transport of warm water from the open ocean to the Antarctic
continental shelf has global significance, as it regulates the melt of ice shelves and dense water formation.
We quantify the strength of eddy-driven transport of relatively warm Circumpolar Deep Water (CDW)
across the continental slope of East Antarctica from the observed cross-slope density structure. We find
that, in general, there is an eddy-driven overturning: deeper CDW is transported onshore while shallower
Antarctic Surface Water is transported offshore. Upon closer inspection, we find that regions with elevated
temperature and salinity variability on density surfaces are associated with significantly stronger onshore
transport of CDW by eddies. These hot spots of eddy transport produce warm and salty anomalies at the
shelf break, impacting the reservoir of heat available to the shelf.

1. Introduction
The transport of relatively warm and salty Circumpolar Deep Water (CDW) across the Antarctic continental
slope and onto the shelf controls the amount of heat available to melt floating ice shelves, thus influenc-
ing global mean sea level, and impacts the heat and salt budget in regions of bottom water formation, thus
influencing global overturning circulation (Heywood et al., 2014). Around the Antarctic continental slope,
CDW sits deeper and farther offshore than the colder and fresher Antarctic Surface Water (AASW), sepa-
rated by the Antarctic Slope Front (ASF; Whitworth et al., 1998). In this way, the ASF acts as a gateway to
the continental shelf—a region of water mass transformation and ocean-ice interaction (Thompson et al.,
2018). Therefore, identifying and understanding the physical processes responsible for driving cross-slope
CDW transport has global significance.

Poleward transport of CDW across the slope is achieved by different processes, including eddies and mean
flows (Heywood et al., 2014). Observational (Nøst et al., 2011; Thompson et al., 2014) and modeling (Palóczy
et al., 2018; Stewart et al., 2018) studies have recently demonstrated the importance of eddies in driving
cross-slope exchange and poleward heat transport. Ultrahigh resolution model results show the relative
importance of eddy transport increases in deeper waters (approximately above the 1,000- to 3,500-m iso-
baths) and that the strength of the eddy transport varies with longitude (Stewart et al., 2018). Assuming that
eddies tend to homogenize potential vorticity, the direction of eddy transport can be directly inferred from
cross-slope changes in mean density-layer thickness (Karsten & Marshall, 2002; Marshall & Radko, 2003).
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Figure 1. (a) Distribution of marine mammal-based conductivity-temperature-depth profiles along the East Antarctic
continental slope. Colors represent the number of profiles recorded in each 0.25◦ × 0.25◦ region on the slope.
Bathymetry is contoured every 1,000 m in gray and the coast is shown by the thick black contour. (b) Mean
temperature, T̄ (◦C), at 300 dbar within 5◦ longitude bins between 0◦E and 160◦E and above the 1,000- to 3,000-m
isobaths. Bathymetry is plotted as in panel (a). Longitudinal bins excluded from the analysis due to data sparsity are
represented by unfilled circles; temperature values that fall in regions of high variability are outlined in black.
(c) Temporal distribution of profiles with colors representing the month of year. (d) Longitudinal distribution of
profiles for each year. Filled circles represent the mean longitude, error bars represent the standard deviation, and stars
represent the minimum and maximum longitude.

The magnitude of eddy transport can then be calculated as𝜓eddy = v′h′ = −𝜅h̄𝑦, where 𝜅 is an eddy diffusiv-
ity and h̄𝑦 is the mean thickness gradient in an isopycnal layer. Thompson et al. (2014) used this method on
3 months of high-resolution glider data from the northwest Weddell Sea and found the eddy-driven trans-
port scales to about half the magnitude of the wind-driven transport, making eddies a key driver of the
overturning circulation.

While most of the mass loss to date from Antarctic ice shelves and grounded ice has come from West
Antarctica (IMBIE, 2018; Paolo et al., 2015), there is growing evidence that parts of East Antarctica are also
undergoing rapid change. For example, thinning of the grounded ice at the Totten Glacier has been observed
in satellite data (Flament & Rémy, 2012; Harig & Simons, 2015; Pritchard et al., 2009) and the ground-
ing line has retreated (Li et al., 2015). Oceanographic observations in front of the Totten Ice Shelf confirm
that inflow of warm water is driving rapid basal melt of the ice shelf (Rintoul et al., 2016). Given that East
Antarctica holds a volume of marine-based ice that is 5 times larger than that found in West Antarctica
(Fretwell et al., 2013), it is important to assess the potential vulnerability of the East Antarctic Ice Sheet to
ocean heat flux. The harsh climate and remote location of the Antarctic slope region has made it chroni-
cally underobserved, especially given its out-sized global influence. In this study, we take advantage of the
advent of micro-conductivity-temperature-depth (CTD) tags for marine mammals (Treasure et al., 2017) to
provide a new perspective on the importance of eddies in transporting CDW across the continental slope.
Eddy transport across the East Antarctic slope, inferred from cross-slope changes in the mean thickness of
density layers, is estimated from available hydrography described in section 2 and its along-slope variability
is presented in section 3. A discussion of the results puts this work into a broader context (section 4) and is
followed by summarizing conclusion (section 5).

2. Data
2.1. Seal-Based Hydrography
Satellite-linked micro-CTDs have been tagged to marine mammals starting in 2004 and continuing through
today (Roquet et al., 2014). CTD data are recorded as the seals resurface after foraging for food in the water
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column. When the animal surfaces, the data are sent ashore via the ARGOS system, with geopositioning
accuracy of about ±5 km (Roquet et al., 2014). This work uses the November 2017 release of the data set col-
lected by the Marine Mammals Exploring the Oceans Pole to Pole consortium (Roquet et al., 2018). Along the
East Antarctic continental slope, there are 4,417 profiles with temperature, salinity, pressure, and location
data that pass quality control (Figure 1). The accuracies of the calibrated and postprocessed temperature and
salinity are quoted as ±0.02 ◦C and ±0.03 psu, respectively (Treasure et al., 2017). Profiles taken before 2007
used older technology resulting in accuracies of ±0.1 ◦C and ±0.1 psu, but most of the profiles analyzed here
were taken more recently than 2007 (Figure 1c). The average depth of the profiles is about 600 dbar and the
deepest reaching profile samples to 1,830 dbar. The pressures at which data are provided vary among profiles,
as the data are compressed for satellite transmission with a “broken-stick” method to retain the structure
of the high-resolution in situ data (Boehme et al., 2009). For this analysis, each individual seal-based CTD
profile is linearly interpolated to a common pressure grid with 5-dbar spacing.

The spatial and temporal distributions of seal-based CTD profiles from the slope is shown in Figure 1. The
monthly distribution of slope profiles varies from year to year, but the majority of profiles were consistently
recorded in the austral autumn, March through May (Figure 1c). There are roughly 300 profiles per year
on average, except in 2006 and 2007 when there are none and in 2012 when there are over 1,100 profiles.
Likewise, the longitudinal distribution of profiles varies depending on year, with most profiles generally
found between 50◦E and 130◦E (Figure 1d). However, profiles from 2010 were clustered farther east near
140◦E and profiles from 2008 generally sampled farther west near 40◦E.

2.2. Ship-Based Hydrography
Results from the seal-based CTD analysis are compared with ship-based CTD profiles from the Antarc-
tic continental slope. These profiles are mostly from repeat hydrography (WOCE, CLIVAR, and GO-SHIP)
lines that extend onto the East Antarctic slope, that is, I6S, I8S, I9S, and SR3, with their nominal locations
shown in Figures 1a and 1b. The analysis also includes data from the BROKE (Bindoff et al., 2000) and
BROKE-West (Meijers et al., 2010) missions that surveyed the ASF at several different longitudes in 1996
and 2006, respectively, where they coincide with repeat hydrography transects. The ship-based hydrography
has low temporal resolution, yet generally high spatial and vertical resolution, and the resulting data are of
the highest quality with accuracies in temperature and salinity of ±0.001 ◦C and ±0.002 psu. In some tran-
sects mesoscale eddies were sampled and in others the lighter AASW density classes outcrop at the surface;
these occupations are excluded from this analysis as interest lies in the mean potential density structure.
Thus, three occupations of I6S (1996, 2006, and 2008), six occupations of I8S (1994, 1996, 2003, 2006, 2007,
and 2016), three occupations of I9S (1994, 2004, and 2012), and eight occupations of SR3 (1993, 1994, 2007,
2008, 2011, 2013, 2015, and 2018) are included in our analysis. Due to the sea ice expansion over the slope,
all the ship-based hydrography profiles are sampled in Austral summer or early spring, December–April.

2.3. Bathymetry
The 2-min gridded global bathymetry data available through the ETOPO2v2 database (National Geophysical
Data Center, 2006) are used to assign a water column depth to each CTD profile. Water column depth acts as
a metric for offshore distance, with profiles in deeper water farther from the shelf. The cross-slope direction,
used to calculate gradients of density-layer thickness, is defined by the water depth.

3. Methods
We use hydrographic profiles to diagnose eddy transport across the East Antarctic continental slope (defined
here as waters between the 1,000- and 3,000-m isobaths and between 0◦E and 160◦E). The direction of eddy
transport is inferred from cross-slope changes in the mean thickness of potential density layers. In each den-
sity class, following residual-mean theory (Karsten & Marshall, 2002; Marshall & Radko, 2003), mean eddy
thickness transport is proportional to h̄𝑦, where h̄ is the mean thickness of a surface-referenced potential
density layer, y is the cross-slope direction, and the subscript represents a derivative. In this sense, cross-slope
eddy transport is directed from thicker to thinner regions of each density layer such that the eddies tend to
homogenize potential vorticity.

The analysis of the seal-based data is complicated by its spatial and temporal distribution (described
in section 2.1 and shown in Figure 1). The thickness of the CDW and AASW layers, defined by
surface-referenced potential density (𝜌) values, is calculated for every profile. Temperature and salinity pro-
files, and thickness of isopycnal layers, are averaged along and across the continental slope in bins defined
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by 5◦ of longitude and isobaths separated by 400 m in depth. Standard deviations are also calculated in these
longitude-isobath bins. That is, for example, the mean and standard deviation are calculated for all profiles
taken from 0–5◦E and above the 1,000- to 1,400-m isobaths. We only consider longitude bins where at least
five profiles sampled to the base of the CDW layer, 𝜌 = 1027.82 kg/m3, over the midslope (i.e., open circles
in Figure 1b are excluded). Thus, our analysis covers 70◦ of longitude along the East Antarctic continental
slope and includes 3,126 profiles (about 2,000 of which reach 500 dbar).

Standard errors of the mean thickness estimates are calculated as 𝜎h∕
√

Nprofiles, where 𝜎h is the stan-
dard deviation of layer thickness and Nprofiles is the number of profiles in each density class for every
longitude-isobath bin. The uncertainty in surface-referenced density is found to be 0.003 kg/m3 in the
upper-middle-water column (300–1,000 dbar) of reconstructed profiles south of the Southern ACC Front,
when accounting for calibration and data compression (Siegelman et al., 2019). With an average stratifica-
tion of about 𝜌z = 3×10−4 kg/m4, this corresponds to an uncertainty in the depth of an isopycnal of roughly
10 m. The direction of the East Antarctic mean cross-slope eddy transport, that is, the sign of h̄𝑦, is cal-
culated by averaging the thickness of the CDW and AASW layers across longitudes as a function of water
column depth. The standard error, representing natural variability among profiles, is propagated by taking
the square root of the sum of the squared errors in each longitudinal segment.

Spiciness is a measure of the variation of temperature and salinity along density surfaces, and its variabil-
ity give a sense of the strength of local isopycnal mixing (Munk, 1981; Stommel, 1961; Veronis, 1972). Note
that spice is a differential value, such that only its relative magnitude and the magnitude of its isopycnal
variability are of interest (McDougall & Krzysik, 2015). Spice referenced to the surface is calculated for each
individual seal-based profile using the Gibbs Seawater Oceanographic Toolbox (McDougall & Barker, 2011).
Within each longitude-isobath bin, spice profiles are averaged and standard deviations are calculated in
isopycnal coordinates. That is, spice values are interpolated onto an even density grid with 0.01 kg/m3 reso-
lution before averaging. Spice standard deviation (𝜎spice) provides a metric for eddy activity, with increased
isopycnal spice variability indicating increased eddy mixing. The relative strength of eddy-driven transport
is compared between regions of high and low spice variability, where high and low are defined as above and
below a threshold value of spice standard deviation.

The magnitude of eddy transport of CDW is estimated as 𝜓eddy = v′h′ = −𝜅h̄𝑦, where 𝜅 = LmixU is an
eddy diffusivity based on mixing length. The mixing length is calculated following Naveira Garabato et al.
(2011), with spice as a passive tracer, such that Lmix = 𝜎spice∕|spice𝑦| in the CDW layer and U is the mean
along-slope velocity that is assumed constant in this analysis. In this way, longer mixing lengths are associ-
ated with higher eddy diffusivities and increased eddy stirring along isopycnals. Lmix and 𝜅 are calculated
in each of the longitudinal sections and averaged across longitudes considered in the East Antarctic mean.
Additionally, Lmix and 𝜅 are compared in composite means in eddying and noneddying regions (i.e., regions
above and below the 𝜎spice threshold). The standard deviation of 𝜅 across longitudes is taken as a measure
of the uncertainty in the estimate and is used to set an upper and lower bound on transport estimates.

Results of the seal-based analysis are compared with the direction of eddy transport inferred from the
density-layer thickness changes along each of the ship-based hydrography lines. That is, h̄𝑦 is calculated in
the CDW and AASW layers for each occupation and then averaged along each of the four transects, where y
is the distance between CTD stations. Standard errors of the means are calculated as 𝜎h𝑦∕

√
Nyears, where 𝜎h𝑦

is the standard deviation of density-layer thickness gradients among occupations and Nyears is the number
of occupations.

4. Results
4.1. Along-Slope Hydrographic Variability
The midslope mean temperature, salinity, and spice (where the averaging is done between the 1,800- and
2,200-m isobaths) vary along-slope (Figure 2, left column). The mean temperature at 500 dbar, for example,
varies by more than 1 ◦C between 80◦E and 100◦E. The interface between the AASW and CDW layer (�̄� =
1, 027.76 kg/m3, black line) roughly tracks the T̄ = 0 ◦C isotherm. Above the T̄ = 0 ◦C isotherm, cooler and
fresher AASW is found sitting atop the CDW layer. The mean depth of the 0 ◦C isotherm varies by a few hun-
dred meters along the East Antarctic slope between about 200 and 700 dbar. Similar patterns of along-slope
variability are found if all profiles taken between the 1,000- and 3,000-m isobaths are included in the aver-
age (compare left and center columns of Figure 2). Thus, the along-slope structure of CDW intrusions
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Figure 2. Along-slope hydrography. (a, d) Midslope mean temperature and salinity, that is, averaged over the 1,800- to
2,200-m isobaths, as a function of pressure within 5◦ longitude bins. (b, e) Cross-slope mean temperature and salinity,
that is, averaged over the 1,000- to 3,000-m isobaths, as a function of pressure within 5◦ longitude bins. (c, f) Cross-slope
temperature and salinity standard deviation of profiles taken over the 1,000- to 3,000-m isobaths as a function of
pressure within 5◦ longitude bins. (g–i) Midslope mean, cross-slope mean, and standard deviation of spice as a function
of surface-referenced potential density. In all panels, the isopycnal at the interface between the AASW and CDW layers
is shown as a black line. Longitudes with hatching over top are excluded from the analysis due data sparsity.

is likely due to physical processes controlling cross-slope transport of CDW rather than sampling biases on
the upper and lower slope.

The standard deviation of properties in each 5◦ longitude bin (using all profiles in the longitude bin) shows
regions of heightened hydrographic variability (Figures 2c and 2f). Temperature variability (𝜎T) is largest
near 300 dbar, generally just above the T̄ = 0 ◦C isotherm, whereas salinity variability (𝜎S) is concen-
trated at the surface. Along-isopycnal spice standard deviation largely matches the pattern of 𝜎T , with the
highest variance near the interface between CDW and AASW (Figure 2i). A spice standard deviation thresh-
old of 𝜎spice = 0.06 kg/m3 at 1,027.77 kg/m3 is taken to define regions of high and low spice variability
(high-variability regions denoted by black outlined circles in Figure 1b). Spice variability exceeds this thresh-
old for 35% of the longitudes considered from the East Antarctic slope, that is, 25◦ of longitude fall in eddying
regions. It can be noted that the spice standard deviation at 1,027.77 kg/m3 is not directly related to the num-
ber of profiles in a given 5◦ longitude bin, suggesting that 𝜎spice represents regional hydrographic variability
rather than profile density.

4.2. Mean Cross-Slope Eddy Transport
The East Antarctic cross-slope mean temperature and salinity fields show cold, fresh AASW above and
farther upslope than warm, salty CDW (Figures 3a and 3b). The thickness of the AASW layer increases
toward the shelf break, associated with onshore deepening of isotherms and isohalines in the upper water
column (roughly 100–700 dbar). The interface between the AASW and CDW layers (�̄� = 1, 027.76 kg/m3) lies
roughly on the T̄ = 0 ◦C isotherm, albeit deeper above the lower slope and shallower above the upper slope.
The interface deepens by 125 m across the slope, from about 375 dbar above the lower slope to 500 dbar at the
shelf break. Colder waters, with T̄ < 0 ◦C, also appear below the CDW layer between 1,000 and 1,700 dbar
and above isobaths shallower than 2,000 m, possibly indicating the presence of dense bottom water (not
shown). Yet, the lack of deep-reaching profiles implies tenuous statistics at these depths. We therefore focus
on cross-slope CDW and AASW transport by eddies in the upper part of the water column and only present
results in the upper 1,000 dbar.

Cross-slope gradients in the mean thickness of density layers indicate onshore transport of warm, salty water
around 500 dbar and offshore transport of cold, fresh water in the upper ocean (Figure 3c). The denser CDW
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Figure 3. Across-slope mean (a) temperature, (b) salinity, and (c) density-layer thickness from the East Antarctic continental slope and across-slope mean (d, e,
g, and h) hydrography anomalies relative to East Antarctic mean and (f, i) density-layer thicknesses in high spice variability and low spice variability regions.
(c, f, and i) Red circles represent the thickness of the CDW layer; blue squares represent thickness of AASW layer. Thick solid lines with filled markers
represent layer thicknesses calculated using data throughout the year and thin dashed lines with open markers represent layer thicknesses calculated using
data from autumn (March–May). (a, b, d, e, g, and h) Mean depth of the interface between the CDW and AASW layers (�̄� = 1027.76 kg/m3) is represented by
middle black line for each regional average. The mean depth of the top and bottom of the AASW and CDW layers, respectively, are represented by the upper
and lower black lines, where the depths are determined by the mean layer thicknesses. The gray lines illustrate the depth of the mean T = 0 ◦C isotherms in
(d, e) high and (g, h) low variability regions. CDW = Circumpolar Deep Water; AASW = Antarctic Surface Water.

layer (�̄� = 1, 027.76–1,027.82 kg/m3) shows onshore thinning of about 40 m across the slope. The lighter
AASW layer (�̄� = 1, 027.44–1,027.76 kg/m3) shows steady offshore thinning by almost 150 m. Standard
errors on the �̄�-layer thicknesses are 16–19 m for the CDW layer and 12–16 m for the AASW layer in each
isobath range (see section 3 for details of error calculation), making eddy transports statistically significant
in both layers. This onshore CDW transport and offshore AASW transport is consistent with an overturning
of the upper layers, where there is an influx of CDW to the shelf break and an export of AASW away from
the shelf. The eddy-induced overturning remains similar whether considering all available data or only data
from the best sampled months (March–May; Figure 3c), albeit the onshore CDW transport is statistically
insignificant during the autumn months as the standard errors are larger.
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The magnitude of eddy transport is calculated as 𝜓eddy = v′h′ = −𝜅h̄𝑦 in the CDW layer, where 𝜅 = LmixU.
Here, we assume a constant U = 0.017 m/s, the mean velocity near 500 dbar in a current-meter mooring
array on the East Antarctic slope at 113◦E (Peña-Molino et al., 2016) and a slope width of 100 km. This
results in an average L̄ mix of 56 km. The mean eddy diffusivity on the East Antarctic slope is 𝜅 = 950 ±
400 m2/s, where the uncertainty represents the standard deviation among longitudes. This translates to
𝜓 eddy = (0.6 ± 0.3) m2/s, equivalent to 3 Sv of onshore CDW transport by eddies over the 70◦ of longitude
(roughly 5,000 km) considered in this study. Note that a slope width of 100 km is assumed when calculating
cross-slope gradients; however, it becomes irrelevant in the 𝜓eddy calculation as it cancels between h̄𝑦 and
Lmix.

4.3. Along-Slope Variability in Eddy Transport
The signal of eddy-induced overturning across the East Antarctic slope—onshore transport of deeper CDW
and offshore transport of shallower AASW—is only apparent in the regions of high hydrographic variability
(Figures 3f and 3i). High-variability regions are defined as longitudinal bins with increased spice variability
in the CDW layer, that is, 𝜎spice ≥ 0.06 kg/m3 along the 1,027.77-kg/m3 isopycnal. In these regions, the
denser CDW layer thins by about 65 m in the onshore direction, with standard errors of 9–10 m, and the
lighter AASW layer thins by about 100 m in the offshore direction, with standard errors of 7–11 m (Figure 3f).
In low variability regions, there is no significant onshore thinning of the CDW layer and the AASW thins by
about 150 m in the offshore direction, with standard errors of 10–13 m (Figure 3i). As found for the mean
fields, the results are similar if only March–May profiles are analyzed (Figure 3, right column).

The magnitude of eddy diffusivity in the CDW layer, again assuming U = 0.017 m/s and a slope width of
100 km, is approximately 𝜅high = 850 ± 400 m2/s in high-variability regions compared to 𝜅 low = 1000 ±
500 m2/s in low-variability regions. While the spice variability (𝜎spice) is higher in the eddying regions, the
mean spice gradient magnitude along isopycnals is greater in low-variability regions. The resulting mixing
lengths are roughly equal, with Lmix = 50 km in high-variability regions compared to Lmix = 60 km in low
variability regions. Yet, the large standard deviations among 𝜅 values at different longitudes makes 𝜅high and
𝜅 low statistically indistinguishable from each other and from the East Antarctic mean value. Low variability
regions have insignificant eddy transport of CDW, as h̄𝑦 is insignificant in those regions. In high-variability
regions,𝜓eddy = 0.8±0.4 m2/s, equivalent to about 0.8 Sv of CDW onshore across the approximately 1,000 km
of slope.

Consistent with onshore eddy transport of CDW and eddy-induced overturning, high-variability regions
have spicier—warmer and saltier—waters in the upper part of the water column (above about 700 dbar)
than those in low-variability regions (Figures 3d, 3e, 3g, and 3h). Temperature and salinity anomalies of
±0.2–0.25 ◦C and ±0.06 psu, respectively, relative to the mean over the East Antarctic slope, are largest near
400 dbar and are generally concentrated on the upper slope (above the 1,000- to 1,400-m isobaths). Moreover,
the 0 ◦C isotherm is 80 m shallower on the onshore side of the slope in the high-variability regions compared
to low-variability regions. These results indicate a greater availability of CDW, that is, an increase in the heat
and salt reservoirs, at the shelf break in these eddying regions due to cross-slope eddy transport.

Cross-slope density-layer thickness changes from ship-based hydrography lines (see Figures 1a and 1b for
transect locations) show similar along-slope variability in the direction of eddy transport inferred from
seal-based hydrography. The AASW layer (�̄� = 1, 027.44–1,027.76 kg/m3) shows significant offshore eddy
transport at all of the transects, with the exception of I6S where the offshore transport is not significantly
different from zero. Mean offshore thinning rates of 0.4–1.1 m/km are found along each of the four lines
(not shown). This is consistent with the seal-based density-layer thickness analysis that found eddy trans-
port of AASW in the offshore direction, independent of regional spice variability (Figure 3, right column).
Further, if the width of the slope is assumed to be 100 km, the thinning rates from the seal-based analysis of
1–1.5 m/km are of similar, albeit slightly larger, magnitude as those found along repeat hydrography lines.

The CDW layer (�̄� = 1, 027.76–1,027.82 kg/m3) also shows agreement in the direction of eddy transport
between ship- and seal-based hydrography, except along I9S (not shown). We find onshore transport of CDW
along SR3 (h̄𝑦 = 1.4±0.4 m/km), which is adjacent to a high-variability region. Along I6S and I8S, transects
falling in and adjacent to low variability regions, respectively, the ship-based hydrography show statistically
insignificant layer thickness changes. There is a discrepancy along I9S, where the ship-based hydrography
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shows significant onshore transport of CDW (h̄𝑦 = 1.3± 0.6 m/km) while the seal-based analysis deems it a
low variability region with insignificant transport of CDW.

5. Discussion
The along-slope variability of cross-slope eddy transport and overturning, inferred from layer thickness
changes of different density classes, reveals the spatial pattern of eddy-driven heat and salt delivery to the
continental shelf break. Stronger eddy transport of CDW results in warmer and saltier water at the shelf
break (Figures 3d, 3e, 3g, and 3h). This reservoir of heat and salt is available to be transferred across the shelf
break by a variety of processes (Stewart et al., 2018), with potential to enhance melt of ice shelves and influ-
ence stratification and water mass formation. In fact, modified CDW has been observed intruding under ice
shelves in East Antarctica (Silvano et al., 2016, 2017) and driving rapid basal melting (Rintoul et al., 2016).

Eddies are not the only mechanism for onshore CDW transport; tides, coastal-trapped waves, and winds also
drive cross-slope exchange. The relative importance of each mechanism changes regionally and with water
column depth (Stewart et al., 2018). Here, eddy transport is strongest in deeper water (above the 2,200- to
3,000-m isobaths; Figure 3f). This is consistent with ultrahigh resolution model results, where eddies trans-
port heat across the lower slope (above the 1,500-m isobath and deeper) and tidal fluxes become important
for heat transport across the shelf break (Stewart et al., 2018). From this perspective, the slope and shelf break
act as two distinct gateways for poleward heat transport, and there is a hand-off of heat between mechanisms
during the poleward transit.

Thompson et al. (2014) use scaling arguments, where 𝜓eddy = −𝜅h̄𝑦 and 𝜓wind = 𝜏∕(𝜌0f), on high-resolution
glider data and find the eddy-driven overturning to be about half the magnitude of wind-driven overturning
on the West Antarctica Peninsula in the northwest Weddell Sea. Thus, the local eddy-induced transport
was found to be a key mechanism for cross-slope exchange. The observations presented here, assuming a
slope width of 100 km, show values of h̄𝑦 more than an order of magnitude smaller than those found by
Thompson et al. (2014). The averaging done in this analysis results in significantly smoother fields than
the glider observations, such that the magnitude of layer thickness changes is not expected to be as large.
Moreover, the coarseness of the averaged fields here is reflected in the large values of 𝜅 (more than an order
of magnitude greater than the value of 14 m2/s used by Thompson et al. (2014)). Thus, the resulting eddy
transports are more than 5 times greater than that found by Thompson et al. (2014), with 𝜓eddy = 0.8 m2/s
in the eddying regions here compared with 𝜓eddy = 0.14 m2/s inferred from their glider data.

Taking a range of climatological wind stress magnitudes of 𝜏 = 0.05–0.2 N/m2 over the East Antarctic slope
(Large & Yeager, 2009), we estimate the relative strength of the eddy-induced overturning. With our nominal
value of 𝜅 = 900 m2/s, we find 𝜓eddy∕𝜓wind ranges from about 0.5 for 𝜏 = 0.2 N/m2 to 2.2 for 𝜏 = 0.05 N/m2.
Depending on local values of 𝜏 and given the uncertainty in the estimates of 𝜅, the eddy-driven overturning
could be as small as 20% of the magnitude or as large as triple the magnitude of the wind-driven overturning.
That is, for 𝜏 = 0.2 N/m2 and 𝜅 = 500 m2/s, 𝜓eddy∕𝜓wind = 0.2; for 𝜏 = 0.05 N/m2 and 𝜅 = 1, 300 m2/s, the
eddy-driven overturning is almost 3 times as strong as the wind-driven overturning. The large uncertainties
here reflect the uncertainty in the observations of both𝜓eddy and𝜓wind. More in situ observations are needed
to further constrain them.

6. Conclusion
This work provides an observational estimate of the eddy contribution to cross-slope transport in East
Antarctica (between the 1,000- and 3,000-m isobaths and between 0◦E and 160◦E). Changes in the mean
thickness of density layers indicate onshore eddy transport of CDW and offshore transport of AASW.
However, eddy transport is not uniform along the continental slope. Onshore eddy transport of CDW is con-
centrated in regions of high spice variability, while low-variability regions have insignificant CDW transport
by eddies. Strong eddy transport results in warm and salty anomalies at the shelf break. This reservoir of
heat and salt can be transferred to the continental shelf by tides, topographic waves, wind-driven flows, and
eddies. In this way, cross-slope eddy transport can facilitate transport of heat and salt from the open ocean
to the continental shelf in particular regions, with implications for the ocean-atmosphere-cryosphere inter-
actions that regulate melt of ice shelves (hence ice sheet mass loss and sea level rise) and formation of dense
shelf water (hence the global overturning circulation).
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