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Abstract Warm Modified Circumpolar Deep Water (MCDW) from the Southern Ocean drives rapid
basal melt of the Totten Ice Shelf on the Sabrina Coast (East Antarctica), affecting the mass balance of the
grounded Totten Glacier. Recent observations show that MCDW intrudes onto the continental shelf through
a depression at the shelf break. Here we investigate such intrusions by combining (1) new oceanographic
and bathymetric observations collected for two consecutive years by profiling floats in the depression south
of the shelf break, (2) oceanographic measurements collected by conductivity‐temperature‐depth‐
instrumented seals on continental slope, and (3) an ocean model. The depression provides a pathway for
persistent inflow of warm (0‐1°C) MCDW to the inner shelf. In austral autumn and early winter MCDW
intrusions were up to 0.5°C warmer and were ~75 m thicker than in spring and summer. The seasonality of
the flow on the continental slope explains the seasonality of the intrusions. The MCDW layer on the
continental slope is warmer and thicker to the east of the depression than to the west. In autumn and early
winter a strong, top‐to‐bottom westward current (Antarctic Slope Current) transports the warmer and
thicker MCDW layer along the slope and is diverted poleward at the eastern entrance of the depression. A
bottom‐intensified eastward current (Antarctic Slope Undercurrent) develops in other months, allowing
cooler and thinner intrusions to enter the depression from the west. Our study illustrates how circulation on
the Antarctic slope regulates the ocean heat delivery to the continental shelf and ultimately to the ice shelves.

1. Introduction

Recent satellite observations have shown that the Antarctic Ice Sheet is losing mass at an accelerating rate
(Velicogna et al., 2014), with the most rapid loss observed in the Amundsen and Bellingshausen sectors of
West Antarctica (Harig & Simons, 2015; Shepherd et al., 2018). The mass loss is due to acceleration of outlet
glaciers that drain the Antarctic Ice Sheet into the ocean (Rignot et al., 2008). This acceleration has been
attributed to thinning or collapse of the ice shelves that form where outlet glaciers reach the ocean
(Pritchard et al., 2012; Scambos et al., 2004). When ice shelves thin or collapse, the backstress they exert
on the grounded glaciers reduces or vanishes. This process accelerates the flow of the outlet glaciers into
the ocean, resulting in a net mass loss of the Antarctic Ice Sheet that contributes to sea level rise.

The primary forcing causing ice‐shelf thinning is thought to be ocean heat flux (Christianson et al., 2016;
Pritchard et al., 2012). The largest reservoir of ocean heat in the Southern Ocean is the Circumpolar Deep
Water (Rintoul & Naveira Garabato, 2013), a warm (2‐3°C) and salty (salinity ~ 34.7) water mass found
below 2,000‐m depth north of 40°S. South of 40°S, the Circumpolar Deep Water shoals due to wind‐driven
upwelling (Greene et al., 2017; Marshall & Speer, 2012). As it moves poleward, Circumpolar Deep Water
mixes with cold Antarctic waters, losing its core properties (Orsi & Wiederwohl, 2009). It is then referred
to as Modified Circumpolar Deep Water (MCDW). MCDW is observed on the Antarctic continental slope
near the shelf break (i.e., upper continental slope) between 400‐ and 1,000‐m depth (e.g., Bindoff et al.,
2000; Walker et al., 2013).

MCDW found on the upper slope is able to reach the continental shelf in many regions around Antarctica.
The warmest intrusions are observed in West Antarctica, where MCDW on the continental shelf of the
western Antarctic Peninsula (Moffat et al., 2009), Amundsen (Jacobs et al., 2012), and Bellingshausen seas
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(Jenkins & Jacobs, 2008) is above 0.5°C. Here MCDW accesses the continental shelf in the bottom layer,
overlaid by a layer of fresh and cold Winter Water that is the product of winter convection near the
surface. Warm water is then able to reach the ice‐shelf cavities and drive rapid basal melt at depth.

Recently, warmMCDW has been observed in the bottom layer on the continental shelf of the Sabrina Coast
in East Antarctica (see Figure 1a for location; Silvano et al., 2017). Here relatively warmMCDW reaches the
Totten and Moscow University ice shelves to drive rapid basal melt (Rintoul et al., 2016; Silvano et al., 2017).
As in the Amundsen and Bellingshausen seas, rapid basal melt of the Totten and Moscow University ice
shelves is associated with mass loss and acceleration of the grounded portion of the Totten and Moscow

Figure 1. Sabrina Coast. (a) Map of the survey area with overlaid bathymetry and coastline (International Bathymetric
Chart of the Southern Ocean [IBCSO]; Arndt et al., 2013). The upper left inset shows the model domain in Antarctica.
The contour of the 500‐m isobath is included in black to highlight the depression. The dashed line indicates the
approximate western boundary of the Dalton Polynya, which forms in the lee of the Dalton Iceberg Tongue, the latter
made from a combination of grounded icebergs and fast ice located to the north of the Moscow University Ice Shelf. The
black, red, and blue symbols indicate the location of profiles collected by floats 1, 2, and 3, respectively. Lighter colored
dots show interpolated locations for periods when the floats were under sea ice, while darker pluses show locations
where the floats surfaced. Floats were deployed in the Dalton Polynya and then drifted to the west. The red star shows the
location of the last time float 2 surfaced (November 2017). The magenta circles (squares) show the location of data
collected by CTD‐instrumented seals on the upper slope to the east (west) of the depression. In the upper right inset is a
Moderate Resolution Imaging Spectroradiometer (MODIS, Scambos et al., 1996) image (22 January 2015) with coastline
overlaid. (b) Zoom of the area delimited in (a) by the dashed black rectangle.
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University glaciers (Greenbaum et al., 2015; Li et al., 2016; Mohajerani et al., 2018; Roberts et al., 2017).
These observations suggest that MCDW drives mass loss of this sector of the East Antarctic Ice Sheet
(Silvano et al., 2016), which holds the equivalent of 5 m of global sea level rise (Mohajerani et al., 2018).

While the importance ofMCDW formelting of ice shelves is well documented, the physical mechanisms that
allow MCDW to access the Antarctic continental shelf remain poorly understood (Gille et al., 2016; Rintoul,
2018). This is mostly due to the paucity of long‐term observing systems capable of collecting data over multi-
ple seasons and years. The few existing observations suggest that the main way for warm MCDW to access
the continental shelf is through glacially scoured troughs in the seafloor (e.g., Jacobs et al., 2012).

Interaction between currents on the upper continental slope and troughs at the shelf break promotes MCDW
intrusions onto the continental shelf (e.g., Dinniman et al., 2018; Jenkins et al., 2016; Palóczy et al., 2018; St‐
Laurent et al., 2013). Easterly winds drive a westward current along most of the Antarctic slope, known as
the Antarctic Slope Current (Thompson et al., 2018). The Antarctic Slope Current transports MCDW, and
it is diverted poleward along isobaths when it encounters a trough, resulting in intrusions originating from
the east of a trough (Klinck, 1996). Intrusions from the east of a trough are observed in the Ross Sea (Kohut
et al., 2013; Orsi & Wiederwohl, 2009), Weddell Sea (Darelius et al., 2016), Bellingshausen Sea (Zhang et al.,
2016), and on the Adélie Coast (Williams et al., 2008). The MCDW then follows a cyclonic circulation within
the trough to reach the ice shelves (e.g., Darelius et al., 2016; Zhang et al., 2016).

Observations have revealed the presence of an eastward undercurrent (known as the Antarctic Slope
Undercurrent) that forms beneath the westward Antarctic Slope Current in some locations (Chavanne
et al., 2010; Heywood et al., 1998; Núñez‐Riboni & Fahrbach, 2009; Walker et al., 2013). Where the under-
current encounters a trough, its flow is diverted across the trough (Allen & Durrieu de Madron, 2009;
Klinck, 1996) and a cyclonic circulation arises within the trough that steers the MCDW poleward (St‐
Laurent et al., 2013). In this case, MCDW intrusions originate to the west of a trough, as observed in the
Amundsen Sea (Assmann et al., 2013; Walker et al., 2013).

The interaction between currents on the upper slope and troughs at the shelf break is not the only mechan-
ism that can drive cross‐shelf exchange. Other processes can also be important, including waves on the upper
slope (St‐Laurent et al., 2013), tidal fluctuations (Stewart et al., 2018), curvature of the isobaths (Dinniman
et al., 2003), and eddy fluxes (Nøst et al., 2011; Stewart & Thompson, 2015; Thompson et al., 2014). These
processes can be especially important in regions where topographic depressions are absent at the shelf break
and a geostrophic flow along isobaths cannot support MCDW access to the continental shelf (Stewart
et al., 2018).

In this study we focus on MCDW intrusions onto the continental shelf of the Sabrina Coast. A recent survey
has revealed the presence of a deep (>500 m) depression at the shelf break that facilitates the intrusions of
MCDW onto the continental shelf (Nitsche et al., 2017). Poleward of the shelf break, only the eastern edge of
the depression on the inner shelf and midshelf has been sampled due to the persistent sea‐ice cover to the
west (Gulick et al., 2017; Fernandez et al., 2018; Silvano et al., 2017; see upper right inset in Figure 1a to
visualize a typical summer sea‐ice cover). MCDWup to 0.3°C was observed in the deepest (about 900m) area
surveyed (Silvano et al., 2017), confirming that warm water is transported southward through the depres-
sion. However, those data are from a summer snapshot and temporal variability of the MCDW properties
intruding into the depression remains unknown, as do the processes regulating onshore transport
of MCDW.

Here we show new hydrographic and bathymetric observations collected in deep areas of the depression on
the inner shelf. Measurements were collected for two consecutive years by a novel application of profiling
floats capable of measuring ocean properties beneath sea ice. First, the float drifted following a cyclonic cir-
culation, as seen in other depressions around Antarctica, reaching for the first time the western flank of the
depression and thus providing new bathymetric information. Second, and most relevant to our study, the
floats detected the seasonal variability of the MCDW properties in the depression. Warmer MCDW was
observed in autumn and early winter compared to spring and summer.

To investigate the origin of the seasonality, profiles from conductivity‐temperature‐depth (CTD)‐instrumen-
ted seals are then used to characterize the MCDW properties on the upper continental slope. The seal obser-
vations suggest that warmerMCDW accesses the depression from the east in autumn and early winter, while
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cooler MCDW enters from the west in other months. This hypothesis is finally tested with a numerical
model. The model shows that a seasonal reversal of the currents transporting MCDW along the slope allows
warmer intrusions in autumn and early winter and cooler intrusions during the rest of the year.

The paper has the following structure.We first describe the observational andmodeling tools used (section 2,
with supporting information describing the validation of the model against observations). We then report
the results (section 3), starting with the float observations, followed by the seal observations, and ending
with the modeling output. In section 4 we provide a broad discussion of our results along with their implica-
tions. Conclusions are in section 5.

2. Methods
2.1. Oceanographic Measurements
2.1.1. On‐Shelf Measurements
Four APEX profiling floats manufactured by Teledyne Webb Research were deployed in the Dalton Polynya
between late December 2014 and early January 2015 from the R/V Aurora Australis (cruise AU1402). The
floats survived up to three winters under sea ice by using a modified ice‐avoidance algorithm based on
Klatt et al. (2007). Profiles collected while the floats were under sea ice were stored for telemetry when
ice‐free conditions allowed the floats to surface. Profiles of temperature, salinity, and pressure were mea-
sured at approximately 5‐day intervals, except for the first 1 to 2 weeks where the sampling interval was 1
to 2 days to check on early float progress. The Seabird SBE41CP CTD is accurate to within ± 2.4 dbar, tem-
perature to within ± 0.002 °C, and salinity to ± 0.01 psu, according to the manufacturer's specifications.
Delayed‐mode quality control procedures based on the Argo standard (Wong et al., 2018), and comparison
to ship‐board CTD profiles collected when the floats were deployed, confirmed that the performance of the
sensors was consistent with the specifications. The floats were programmed to park on the bottom in‐
between profiles. In this way the drift of the floats between consecutive profiles was reduced. Pressure
recorded when the floats were parked on the sea floor provided information on ocean depth. Geolocation
of the profiles were recorded with a Global Positioning System fix whenever sea‐ice conditions allowed
the float to surface and telemeter data.

Results from the three longest‐lived floats are shown here (see Figure 1). Float 1 (black in Figure 1) was
deployed in the northern part of the Dalton Polynya in late December 2014 and survived one winter, collect-
ing data for about 13 months until late January 2016. Float 1 was under sea ice between April and November
2015. Float 2 (red) was deployed further south in late December 2014 and survived for three winters. Float 2
was under sea ice for 9 months during the first winter, from April to December 2015, before surfacing and
telemetering data from the winter. This float was then under sea ice continuously for 21 months from
April 2016 to late November 2017 (the red star in Figure 1 indicates the position of the float when it surfaced
in November 2017). Unfortunately, float 2 surfaced only once in November 2017 and it did not have enough
time to transmit the data collected between February 2017 and November 2017. The float was displaced a
short distance to the north between February and November 2017. Thus, float 2 provided continuous data
between late December 2014 and late January 2017 (about 2 years), with known positions in the first and
second summer (Figure 2). Float 3 (blue) was deployed to the south of float 2 and collected data for about
15 months, between early January 2015 and late March 2016, including 8 months under sea ice from
March to December 2015. Positions have been linearly interpolated when the floats were under sea ice.

In the study we focus on the seasonality of the MCDW detected by the floats. Seasons here are defined as
follows: December, January, and February as summer; March, April, and May as autumn; June, July, and
August as winter; and September, October, and November as spring.
2.1.2. Off‐Shelf Measurements
We use measurements from the MarineMammals Exploring the Oceans Pole to Pole (MEOP‐CTD) database
(Roquet et al., 2013, 2014; see http://www.meop.net/) to characterize water properties over the continental
slope. These data were collected between 2012 and 2015 by CTD‐instrumented southern elephant seals
(Mirounga leonina) on the upper slope of the Sabrina Coast (Figure 1a). Data were collected during autumn
and winter months (March to July). Measurements were calibrated against historical data in nearby regions
(Roquet et al., 2011). The calibrated data have estimated uncertainties of 0.02°C for temperature and 0.02 psu
for practical salinity. We use data collected in a band between the 1,000‐m isobath and 20 km offshore of the
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1,000‐m isobath in order to detect the MCDW that can potentially intrude into the depression, without being
strongly affected by outflowing water from the depression. In situ observations in West Antarctica show that
MCDW exiting a depression moves along isobaths shallower than 1,000 m (Zhang et al., 2016).

2.2. Ocean Model

Weusemonthly output from an ocean‐sea ice model (Kusahara &Hasumi, 2013, 2014, Kusahara et al., 2017)
to assess temporal and spatial variability of the ocean flow over the continental slope and shelf break. The

Figure 2. Float observations. (a) Bottom depth (m), (b) maximumModified Circumpolar Deep Water (MCDW) potential
temperature (°C), and (c) acquisition time for each profile collected by the floats. The black circled dots are from float 3.
The area considered here is shown in Figure 1a (dashed black rectangle). Overlaid are bathymetric contours from
International Bathymetric Chart of the Southern Ocean (IBCSO; Arndt et al., 2013). More depth contours are included in
(a) to better compare IBCSO with float data. Measurements collected by floats 1, 2, and 3 in summer when most of the
locations is known are marked by black, red, and blue dashed circles, respectively. The red star in panel (c) shows the
location of the last time float 2 surfaced in November 2017. The thin dashed black line indicates the western edge of the
Dalton Polynya.
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model includes ice‐shelf cavities, with a fixed ice‐shelf geometry. The vertical coordinate system of the ocean
model is a hybrid of σ and z coordinates. The σ coordinate is applied to the uppermost three levels between
the free surface and 15 m below the mean surface level to avoid vanishing of the uppermost layer thickness
due to sea‐ice loading and large negative amplitude of surface waves. The vertical grid spacing in the
z‐coordinate region is 5 m immediately below the σ coordinate and 20 m in depth range from 20 to 1,000
m. In deeper ranges of 1,000‐2,000 m and 2,000‐5,000 m, we use 20 vertical z‐levels of 50‐m and 150‐m thick-
ness, respectively. The model uses an orthogonal, curvilinear, horizontal coordinate system. Two singular
points of the curvilinear coordinate are placed on the 110°E line (40 and 77°S) to regionally enhance the hor-
izontal resolution over the East Antarctic region (see Figure S1 in the supporting information). The northern
boundary of the model domain ranges from 20°S to 30°N, varying with longitude. North of 25°S, water prop-
erties (temperature and salinity) throughout the water column are restored to monthly climatology (Steele
et al., 2001) with a 10‐day damping timescale. The horizontal resolution in East Antarctica is less than 7
km, enabling us to resolve features of the coastline and bottom topography. The model uses IBCSO
(Arndt et al., 2013) for the bathymetry over East Antarctica (56‐152°E south of 60°S) and uses RTopo‐1
(Timmermann et al., 2010) outside of East Antarctica. Ice‐shelf draft is obtained from the RTopo‐1 data
set. Daily reanalysis atmospheric forcing is calculated from the ERA‐Interim data set (Dee et al., 2011).
The numerical model is first integrated for 10 years with 1979 forcing to spin up the ocean and sea‐ice con-
ditions, and then a hindcast simulation from 1979 to 2016 with interannually varying forcing is performed.

The numerical model adequately reproduces water masses, stratification, and currents observed on the
upper slope and shelf break on the Sabrina coast (see supporting information Text S1 and Figures S2–S6).
We note that most of the continental shelf has not been covered by bathymetric surveys. The modeling
results are used in this study to investigate processes on the upper slope and shelf break where the IBCSO
bathymetry is more reliable (Nitsche et al., 2017).

3. Results
3.1. Observations
3.1.1. Bathymetry and Circulation in the Depression
The floats were deployed on the western edge of the Dalton Polynya, where bathymetry starts to deepen on
the eastern side of the depression. Float 3 was deployed in an area where the bottom depth is shallower than
500 m, while floats 1 and 2 were deployed in deeper (~500 and ~700 m, respectively) areas (Figure 2a). The
maximum depth of profiles collected by floats 2 and 3 increased as the floats moved west after deployment,
indicating that the floats moved into the depression (Figure 2a). Float 1 disappeared in January 2016
(Figure 2c) while still on the eastern flank of the depression at ~700‐m depth (Figure 2a). Floats 2 and 3
sampled deep areas (up to ~900 m) of the depression and then reached slightly shallower areas (~800 and
~700 m, respectively; Figure 2a) before disappearing in November 2017 and March 2016,
respectively (Figure 2c).

A picture of the ocean circulation in the depression is provided by the trajectories of floats 2 and 3 (Figure 2).
Both trajectories indicate a cyclonic circulation as seen in other depressions around Antarctica (e.g.,
Assmann et al., 2013; Zhang et al., 2016). Initially, the floats moved south‐westward along the eastern flank
of the depression. Then, after being under sea ice between April and December 2015, they surfaced to the
northwest. While the positions of profiles under sea ice are not known, the similar displacement of the
two floats is consistent with cyclonic flow in the depression. Finally, the floats moved northward, again con-
sistent with cyclonic circulation. While the floats do not fully resolve the western edge of the depression, the
fact that the float furthest west (float 3) measured shallower depths than float 2 (for profiles with known
positions), as well as the northward displacement of both floats, suggests that the floats reached the western
flank of the depression at the end of their trajectories (Figure 2a). Positions are available for profiles collected
between December 2015 and March 2016, when the floats provided new bathymetric data from the western
side of the depression (Figure 2a).
3.1.2. MCDW Seasonality
MCDW was observed in all locations and at all times by the floats (Figure 2). In terms of spatial variability,
the floats collectedmeasurements in deep (>500m) areas of the depression whereMCDWwas typically war-
mer than 0°C (Figure 2b). The only exception stems from initial measurements collected by float 3 in shallow
areas (<500 m) of the polynya where MCDW was cooler (Figure 2b; see also Silvano et al., 2017, for more
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details about the spatial variability of MCDW on the Sabrina Coast). In terms of temporal variability, all
floats showed that the MCDW temperature in the depression was higher in autumn and early winter (up
to 0.9°C in March and June) compared to the rest of the year (<0.4°C; see Figure 3a). This is consistent
with few (four) ship‐based vertical profiles collected on the eastern side of the depression in 2015 (see
their location in Figure S2) that confirmed summer MCDW cooler than 0.4°C (see Figure 3 in Silvano
et al., 2017). Occasional cooling events were observed by the floats as well as persistent oscillations, which
presumably represent high‐frequency variability that was unresolved by the sampling rate of 5 days (see
Figure 3a). Here we focus on the seasonal signal of the MCDW properties in the depression.

Float 2 measured ocean properties in the deepest areas surveyed, providing thus the most reliable data to
analyze the MCDW intrusions. The clearest seasonal signal was seen between May 2015 and February
2016 when float 2 remained in areas ~900‐m deep. During this period, the warmest temperatures were
recorded in June (>0.6°C), while the coolest temperatures were observed from November to January
(~0.3°C). The same seasonality was observed by float 2 after February 2016, even though the signal was
smoother presumably because of mixing near the bottom during the transit of MCDWaround the depression
to reach the western side (Venables et al., 2017). Indeed, MCDW showed a maximum in temperature above
the seafloor on the eastern side and in the deepest area surveyed (see dotted and solid lines in Figure 3c for
example profiles), which originates off‐shelf and is associated with the subsurface maximum temperature
of Circumpolar Deep Water in the Southern Ocean (e.g., Orsi et al., 1995). This maximum disappeared in
profiles collected on the western flank of the depression, indicating bottom mixing (see dashed lines in
Figure 3c).

The record provided by the floats (2 years) is too short to compute a climatological seasonality, and therefore,
we use a regression model to better characterize the annual cycle. We reconstruct the annual cycle of the
thickness and mean potential temperature of the MCDW layer using data collected by float 2, which best
captured the MCDW intrusions. The 0°C isotherm well represents the top of the MCDW layer (see vertical
profiles in Figure 3c), and the time variability of its depth is chosen to characterize the seasonality of the
MCDW thickness. We define the meanMCDW potential temperature as the potential temperature vertically
averaged between the depth of the 0°C isotherm and the bottom. We consider the mean potential

Figure 3. Modified Circumpolar Deep Water (MCDW) properties. (a) Time series of maximum MCDW potential temperature (°C) measured by float 1 (black),
float 2 (red), and float 3 (blue). Values below 0°C are not included. The thick solid lines show low‐pass filtered data with a 30‐day fourth‐order Butterworth filter,
while the dotted lines show the raw data. The dashed black line shows the 0.4°C contour, which approximately separates “warmer” and “cooler” intrusions.
Times when floats surfaced are indicated by the triangles along with their location (i.e., eastern/western side of the depression and shallow areas in the polynya).
(b) Bottom depth as recorded by the floats. (c) Example vertical profiles of potential temperature (magenta) and salinity (green). Times of the measurements
are indicated by the arrows in (b), color‐coded according to the float. Note that on the western side of the depression (dashed red arrow) the maximum in MCDW
potential temperature above the seafloor (Tmax) was absent.
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temperature of theMCDW layer in order to reduce the effect of bottommixing in our analysis. The vertically
averaged temperature provides a clear seasonal signal in both years of observations collected by float 2 (see
dashed line in Figure 4b), a period that spans observations from both the eastern and western side of the
depression. We use the following regression model to reproduce the observations:

χ ¼ αD tð Þ þ β cos ωtð Þ þ γ sin ωtð Þ (1)

where χ represents the modelled data (i.e., MCDW thickness and mean potential temperature), t is time, D is
the bottom depth, ω is a frequency representing the annual cycle, and α,β, and γ are coefficients. This regres-
sionmodel aims to isolate the seasonality of theMCDWproperties from the effect of varying topography that
influence the observations, especially the thickness of the layer. The first term on the right‐hand side of
equation (1) characterizes the effect of topography. The last two terms are used to quantify the seasonal sig-
nal, and for this purpose, we use only the first harmonic (period of 1 year).

The regressionmodel well captures the observed seasonal variability (Figures 4a and 4b). The misfit between
observations and the model is relatively large compared to the seasonality (misfit ~40% of the range between
minimum and maximum values in Figures 4c and 4d). The misfit is mostly due to the unresolved high‐
frequency variability mentioned before. The modeled MCDW layer of 2015 and 2016 is up to ~75 m thicker
and ~0.11°C warmer in autumn and early winter compared to spring and summer (Figures 4c and 4d).

While the float profiles reflect both spatial and temporal variability, several lines of evidence indicate that
the observed seasonality in the depression was due to temporal variability of MCDW rather than spatial
variability associated with drift of the floats. (1) A general pattern of higher MCDW temperature in autumn
and early winter and lower temperatures during other times was observed by all floats despite different loca-
tions (Figure 3a). 2) The seasonality in temperature was most apparent when the changes in seafloor depth
during float drift were minimal (e.g., float 2 between May 2015 and February 2016, Figure 3), indicating that
bathymetric gradients during the drift cannot explain the observed temporal variability at the seasonal time
scale. (3) Seasonality was observed in both temperature and thickness in 2015 and 2016 by float 2 (Figure 4),
a period during which the float drifted from the eastern to the western side of the depression (Figure 2).

Our analysis of the float measurements collected in 2015 and 2016 shows that MCDW was warmer and
thicker in autumn and early winter, and therefore, local surface cooling during these months could not

Figure 4. Modified Circumpolar Deep Water (MCDW) seasonality. Time series of (a) thickness and (b) mean potential
temperature (°C) of the MCDW layer from float 2. The dashed lines are the observations, while the solid lines are
modeled values (as obtained from equation (1)). Also shown is the root‐mean‐square error (or misfit) between observed
and modeled values. Seasonality (the sum of the second and third terms in equation (1)) of the thickness and mean
potential temperature of the MCDW layer are shown in (c) and (d), respectively. Note that the seasonal signal of the
MCDW thickness is strongly influenced by topography, and therefore, it is not apparent from Figure 4a.
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explain the seasonality. Moreover, the seasonal variability was observed deep in the water column (>500‐m
depth). Spreading of glacial meltwater released by nearby ice shelves and icebergs occurs at shallower depths
and therefore cannot affect the observed MCDW properties (Silvano et al., 2018). Seasonal changes in the
properties of the MCDW intruding onto the continental shelf are thus a likely candidate to explain the sea-
sonality observed by the floats. We now investigate if different off‐shelf sources exist that could explain the
on‐shelf seasonality.
3.1.3. MCDW on the Upper Continental Slope
We now compare the MCDW properties in the depression measured by the profiling floats with the MCDW
observed on the upper slope by CTD‐instrumented elephant seals (see section 2). We use data from all floats
collected between March 2015 and February 2016 in order to include an entire year of observations of
MCDW in the depression, avoiding modification by mixing which is presumably present in data collected
after February 2016 (see previous section). We find that warmer intrusions (>0.4°C) observed in autumn
and early winter (March to June) had properties similar to MCDW found on the upper slope to the east of
the depression (Figure 5a). The similarity was apparent on the upper slope at depths ranging from 500 to
700 m, slightly deeper than the shelf break depth of the depression (~500 m), consistent with MCDW upwel-
ling on the upper slope. Cooler intrusions in other months resembled MCDW found on the slope to the west
of the depression (Figure 5b), which is cooler than the MCDW found to the east of the depression. The
resemblance was most apparent in theMCDW found at 500‐ to 700‐mdepth on the western slope, again con-
sistent with upwelling. Warmer intrusions did not overlap with MCDW found to the west of the depression
(Figure 5c), while cooler intrusions only overlapped with MCDW found to the east at ~1,000‐m depth
(Figure 5d), likely too deep to access the depression (Nitsche et al., 2017). Finally, float data revealed a
thicker layer of MCDWon the shelf in autumn and early winter (Figure 4c), in agreement with the shallower
MCDW core observed in the seal data on the upper slope to the east of the depression (Figure 6a) compared
to the west (Figure 6b).

The data collected by the seals are biased toward autumn and winter. However, the difference in maximum
MCDW temperature (~0.5°C) between east and west of the depression observed by the seals is also observed
in summer (Figure 10 in Wakatsuchi et al., 1994). This suggests that the seal observations provide a repre-
sentative indication of the MCDW that can access the depression. The combination of on‐shelf measure-
ments collected by the floats and off‐shelf measurements collected by the seals suggests that warmer
MCDW enters the depression from the east in autumn and early winter, and cooler MCDW enters from
the west during the rest of the year. We now use a numerical model to test if this mechanism is plausible.

3.2. Modeling MCDW Intrusions

In this section we show the monthly model output between March 2015 and February 2016 to compare the
modeling results with the float observations described in the previous section. In Figure 7 we show maps of
potential temperature and velocity vectors at 450‐m depth to capture the modeled intrusions of MCDW into
the depression. We include representative monthly data of autumn (March 2015), early winter (June 2015),
spring (October 2015), and summer (January 2016). Modeled intrusions are persistent and, in good agree-
ment with our inference from observations, the warmer intrusions in autumn and early winter originate
to the east of the depression, while cooler intrusions in the other seasons are from the west.

As seen in the seal observations, off‐shelf MCDW in the model is warmer to the east of the depression, where
the “warm core” is closer to the shelf break. However, in contrast to observations, within the modeled
depression there is minimal seasonal variability in the MCDW properties. This might be due to the resolu-
tion of the model, which is not adequate to represent the temporal evolution of the properties of the intrud-
ingMCDWnear the seafloor (see supporting information Text S1). Moreover, the model bathymetry is likely
unrealistic at the western entrance of the depression, since it is based on the interpolation of very few mea-
surements (Nitsche et al., 2017; see, for example, the unrealistic bathymetric “bump” centered at ~117°E,
65°S in Figure 1a). Therefore, the flow of MCDW once it enters the depression from the west cannot be well
reproduced by the model.

We now show the modeled currents on the upper slope and shelf break at ~120°E, just east of the depression
(Figure 8; see Figure S3 for comparison with observations at this transect). Between March and June there is
a strong westward flow, the Antarctic Slope Current. During this period the westward flow extends from the
surface to the bottom, except in April when a weak eastward flow near the sea floor is modeled at the shelf
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break. MCDW is transported in the bottom layer by the Antarctic Slope Current and is diverted into the
depression at its eastern entrance (Figure 7). Between July and February the westward flow weakens and
an eastward current develops on the upper slope and at the shelf break. The eastward current is faster
near the seafloor, resembling the Antarctic Slope Undercurrent observed in other locations around
Antarctica (e.g., Chavanne et al., 2010; Walker et al., 2013). During these months, the eastward flow at
the shelf‐break depth (~500 m) near the western entrance of the depression (see ocean currents at 115°E in
Figure 9) allows MCDW to enter the depression from the west (Figure 7).

4. Discussion

Our study presents new bathymetric and year‐round hydrographic measurements collected in deep (up to
900 m), sea‐ice covered areas of the depression located on the continental shelf of the Sabrina Coast. The

Figure 5. Sources of Modified Circumpolar Deep Water (MCDW) intrusions. The black dots are data of salinity and
potential temperature (°C) collected by all floats between March 2015 and February 2016 in the depression. Float data are
separated in two periods: (a and c) March to June when intrusions were warmer and (b and d) July to February when
intrusions were cooler. The dashed black line shows the 0.4°C contour, which approximately separates “warmer” and
“cooler” intrusions, while the 27.8 kg/m3 surface‐referenced potential density contour is included in grey for reference.
Seal data collected on the upper slope to the east of the depression (“eastern slope”; magenta circles in Figure 1a),
color‐coded according to the depth of the measurements, are superimposed in (a) and (d). Seal data collected on the upper
slope to the west of the depression (“western slope”; magenta squares in Figure 1a) are shown in (b) and (c).
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observations were collected by profiling floats, highlighting their ability to collect essential measurements in
the sea‐ice zone for multiple years not only offshore of the shelf break (e.g., Wong & Riser, 2011; Williams
et al., 2011) but also on the continental shelf. These floats are therefore an important tool to better
understand the influence of the ocean on melting of the Antarctic Ice Sheet.

4.1. Impact of Bathymetry on MCDW Delivery to Ice Shelves

The depression on the Sabrina Coast is ~500m deep and >100 kmwide at the shelf break, providing access of
MCDW to the continental shelf (Nitsche et al., 2017). The depression is most likely the result of the grounded
ice sheet flowing across the continental shelf in the past (Fernandez et al., 2018; Nitsche et al., 2017), as con-
firmed by its deepening (reaching at least 900‐m depth) poleward of the shelf break. Current bathymetric
products either do not capture the depression of the Sabrina Coast (e.g., Bedmap2, Fretwell et al., 2013;
Nitsche et al., 2017) or, if they do, the depression is too shallow (e.g., the IBCSO product shows a maximum
depth of 600 m compared to the observed values of ~900 m; see Figure 2a; Arndt et al., 2013; Silvano et al.,
2017; Fernandez et al., 2018). Recent ship surveys covered only a limited portion of the Sabrina Coast
(Fernandez et al., 2018; Nitsche et al., 2017; Silvano et al., 2017), and the float data used here provide limited
newmeasurements on the western side of the depression. Future bathymetric campaigns are needed to com-
plete the coverage of the depression and of the entire continental shelf of the Sabrina Coast.

Previous bathymetric and oceanographic data collected in summer 2015 at the front of Totten Ice Shelf
revealed that two narrow (<5 km) deep (900 and 1,100 m) troughs are the main pathways for MCDW into
the ice‐shelf cavity (Rintoul et al., 2016). However, the measured MCDW was about ‐0.4°C at the Totten
front, much cooler than the MCDW observed year‐round in the depression (>0°C). Similar narrow troughs
are present in front of the Moscow University Ice Shelf (Fernandez et al., 2018), with even cooler (‐1.3°C)
water sampled there (Silvano et al., 2017). These results imply that uncharted bathymetric barriers, like sills
or steep slopes near the coast, prevented the warmest MCDW found in the depression from reaching the
Totten and Moscow University ice shelves at the time of the summer survey (Fernandez et al., 2018;
Nitsche et al., 2017; Silvano et al., 2017). Thus, MCDW and water from the thermocline above the depth
of the bathymetric barriers can reach the ice‐shelf cavities, while the deeper and warmerMCDW flows cyclo-
nically and turns offshore along the western side of the depression, as suggested by the float trajectories. We
argue that uncharted bathymetric features between the large depression sampled by the floats on the open
continental shelf and the several narrow troughs found at the ice‐shelf front likely regulate the ocean heat
available to drive present and future basal melt of the Totten and Moscow University ice shelves.

Figure 6. Modified Circumpolar Deep Water (MCDW) on the upper slope. (a) Vertical profiles of potential temperature
(°C) collected by conductivity‐temperature‐depth‐instrumented seals on the upper slope to the east of the depression
(eastern slope; magenta circles in Figure 1a). (b) Vertical profiles collected on the upper slope to the west of the depression
(western slope; magenta squares in Figure 1a).
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Figure 7. ModeledModified Circumpolar DeepWater (MCDW) intrusions. Potential temperature (°C, color) and velocity
(vectors) at 450‐m depth in March 2015 (autumn), June 2015 (early winter), October 2015 (spring), and January 2016
(summer) from the monthly model output. The solid cyan (black) line in the panels indicates the location of the transect
shown in Figure 8 (Figure 9). The white areas are shallower than 450 m in the model bathymetry (International
Bathymetric Chart of the Southern Ocean (IBCSO), Arndt et al., 2013).
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The inferred bathymetric barriers distinguish the Sabrina Coast from the Amundsen and Bellingshausen
seas, where wide, deep troughs provide a direct pathway for MCDW between the shelf break and the cavities
beneath several ice shelves (Jacobs et al., 2012; Jenkins & Jacobs, 2008). Therefore, the water reaching the ice
shelves in these regions is typically warmer than observed on the Sabrina Coast (Jacobs et al., 2012). The pre-
sence of a sill beneath an ice shelf can reduce the temperature of the water reaching the deepest areas of the
cavity, as seen at Pine Island Glacier in the Amundsen Sea where the “reduction” is of the order of a few
tenths of a degree (Dutrieux et al., 2014; Jenkins et al., 2010). The reduction observed on the Sabrina
Coast (>0.7°C) is greater than that beneath Pine Island Glacier, and we argue that this may be due to
uncharted bathymetric obstacles on the open continental shelf.

4.2. Seasonal Variability of MCDW Intrusions

The measurements collected in 2015 and 2016 by the floats show that the MCDW layer in the depression in
autumn and early winter was ~0.11°C warmer and ~75 m thicker than in spring and summer. In terms of
maximum temperature, the MCDW reached peaks of 0.9°C during autumn and early winter, while it
remained below 0.4°C in other months. The observed seasonality in the depression can then affect the sea-
sonality of the basal melt at the Totten and Moscow University ice shelves. Ocean heat delivery to the ice
shelves depends not only on the properties of the MCDW accessing the continental shelf but also on tem-
poral variability of thermocline depth near the ice shelves. Ekman pumping (Dutrieux et al., 2014; Kim

Figure 8. Modeled flow on the slope at 120°E. Zonal velocity (m/s, color) between March 2015 and February 2016 from the monthly model output at ~120°E (see
cyan line in Figure 7 for location). Positive is eastward. The black line is the contour of 0 m/s.
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et al., 2017) and buoyancy forcing (Gwyther et al., 2014; Khazendar et al., 2013; St‐Laurent et al., 2015)
influence the thermocline depth on seasonal and interannual time scales. Unfortunately, the lack of year‐
round measurements at the front of ice shelves and the mostly unknown bathymetry of the Sabrina Coast
prevent us from assessing the interplay between these processes using either observations or models.

The observed seasonal changes in the depression reflected different origins ofMCDW reaching the continen-
tal shelf. Warmer and thicker intrusions of MCDW originated on the upper slope to the east of the depres-
sion, while cooler and thinner intrusions originated to the west. The seasonality of the flow on the upper
slope explains how different MCDW sources can enter the depression at different times. In autumn and early
winter a strong, top‐to‐bottom westward current (the Antarctic Slope Current) transports the warmer and
thicker layer of MCDW from the east into the depression following isobaths. During other months, an east-
ward current develops near the sea floor (the Antarctic Slope Undercurrent), allowing intrusions of the
cooler and thinner layer of MCDW from the west of the depression.

The MCDW is cooler on the slope to the west of the depression due to the presence of a ridge centered at
~115°E (see Figure 1a). The ridge causes cyclonic recirculation andmixing of cooler water found on the slope
with offshore warm water, allowing the formation of a cooler version of MCDW at ~115°E compared to
further east at the eastern entrance of the depression (~120°E; Wakatsuchi et al., 1994). Moreover, the cold
surface layer is deeper at 115°E than at 120°E (Wakatsuchi et al., 1994; see also Figure 6), possibly due the

Figure 9. Modeled flow on the slope at 115°E. Zonal velocity (m/s, color) between March 2015 and February 2016 from the monthly model output at 115°E (see
black line in Figure 7 for location). Positive is eastward. The black line is the contour of 0 m/s.
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cyclonic circulation, which depresses isopycnals near the shelf break. The deeper surface layer means that a
thinner layer of MCDW has access to the depression in the west. Thus, the cyclonic circulation in the pre-
sence of a ridge helps explain the cooler and thinner layer of MCDW entering the depression from the west.

Observations of seasonal variability of the flow on the Antarctic slope are scarce due to the logistical issues
that complicate the deployment and recovery of moorings in this region. Furthermore, the deployment of
fixed instruments in the top 500 m of the water column is high risk due to the presence of drifting icebergs.
Recently, estimates of the barotropic component of the flow on the Antarctic slope have been obtained
through the use of satellite altimeters (Armitage et al., 2018; Dotto et al., 2018) and a few moored arrays
(e.g., Núñez‐Riboni & Fahrbach, 2009; Peña‐Molino et al., 2016). Those estimates are consistent with the
results of our model: the westward flow associated with the Antarctic Slope Current is stronger in autumn
and winter while it is weaker in spring and summer. The seasonal variability of the Antarctic Slope
Current is mostly driven by seasonality of the easterly winds, which are stronger in autumn and winter
and weaker in spring and summer (Armitage et al., 2018; Mathiot et al., 2011; Núñez‐Riboni &
Fahrbach, 2009).

Ship‐based observations have been used in previous studies to obtain a snapshot of the vertical structure of
the flow on the upper slope and at the shelf break. Núñez‐Riboni and Fahrbach (2009) provide a snapshot in
all seasons in the eastern Weddell Sea. Their results are in agreement with our modeling results: top‐to‐
bottom westward flow in autumn and winter (the Antarctic Slope Current) and the presence of an eastward
current near the bottom (the Antarctic Slope Undercurrent) in spring and summer. The Antarctic Slope
Undercurrent has also been observed in other summer surveys in the eastern Weddell Sea (Chavanne
et al., 2010; Heywood et al., 1998) and in the Amundsen Sea (Walker et al., 2013). The mechanisms of for-
mation of the Antarctic Slope Undercurrent are largely unknown. Some studies suggest that waves on the
continental slope allow the undercurrent to form (e.g., Chavanne et al., 2010). Other studies associate the
undercurrent with Ekman downwelling on the upper continental slope driven by the Easterlies (e.g.,
Jenkins et al., 2016). The downwelling causes southward deepening of the isopycnals and the formation
of the Antarctic Slope Front. The vertical shear associated with the Antarctic Slope Front then allows the
undercurrent to form in the bottom layer beneath the westward Antarctic Slope Current. Further investiga-
tion, beyond the scope of this study, is required to understand the dynamics of the Antarctic Slope
Undercurrent and how it varies with time and location.

The mechanism we propose to explain the observed seasonality of the MCDW intrusions into the depression
of the Sabrina Coast is consistent with the results of other studies of the flow on the Antarctic slope. Other
mechanisms can also be important on seasonal time scales, including changes in the bottom Ekman bound-
ary layer (Wåhlin et al., 2012) and deepening/shoaling of isopycnals (Årthun et al., 2012; Mallett et al., 2018)
on the slope. Moreover, small‐scale features on the Antarctic slope are not well resolved by our model.
Therefore, processes like eddies (Stewart & Thompson, 2015), waves (St‐Laurent et al., 2013), tidal fluctua-
tions (Stewart et al., 2018), and the dynamics of jets forming on the slope (Peña‐Molino et al., 2016;
Thompson & Heywood, 2008) are not well captured in our study and they can influence cross‐shelf
exchange. Nevertheless, the consistency between observations and modeling results in our study suggests
that seasonal variability of the flow on the Antarctic slope regulates the seasonality of the MCDW intrusions
onto the Sabrina Coast continental shelf. Sustained year‐round measurements on the slope and shelf are
needed to corroborate our proposed mechanism and to better characterize seasonal variations.

5. Conclusions

Profiling floats allowed collection of 2 years of unprecedented oceanographic and bathymetric measure-
ments in sea‐ice covered areas of the Sabrina Coast continental shelf. They confirm that the deep (up to
900 m deep) depression found on the continental shelf is filled by warm (>0°C) MCDW that originated
off the shelf. The warmest core of MCDW observed year‐round near the sea floor in the depression has
not been observed entering the ice‐shelf cavities, suggesting that uncharted bathymetric barriers on the con-
tinental shelf regulate the ocean heat delivery to the Totten and Moscow University ice shelves.

Our observations in the depression revealed a warmer and thicker MCDW layer in autumn and early winter
compared to spring and summer. Results from an ocean model indicate that the seasonality of the flow on
the upper slope and shelf break can explain the seasonality of the MCDW observed on the shelf. In
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autumn and early winter a strong westward current (the Antarctic Slope Current) promotes warm intrusions
from east of the depression. In spring and summer an eastward current develops near the bottom (the
Antarctic Slope Undercurrent) that allows intrusions from the west where off‐shelf MCDW is cooled by a
permanent cyclonic eddy.

Our study shows that changes in the flow on the Antarctic continental slope influence the temperature and
thickness of the MCDW layer that can access the continental shelf and, ultimately, deliver ocean heat to the
Antarctic ice shelves. Constraining future changes in the flow on the Antarctic slope driven by changes of
winds (Spence et al., 2014) or sea ice (Hellmer et al., 2012) is therefore required to develop projections of
mass loss from the Antarctic Ice Sheet.
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