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Abstract The Totten ice shelf (TIS) in East Antarctica has received increasing attention in recent
years due to high basal melt rates, which have been linked to a presence of warm modified Circumpolar
Deep Water (mCDW) observed at the ice front. We show that mCDW on-shelf intrusions towards the

TIS strengthen when the Antarctic Slope Current (ASC) weakens. This demonstrates that the ASC has a
blocking effect and ASC weakening leads to on-shelf intrusions, as proposed by previous observational
studies. The interannual variability of the ASC is controlled primarily by atmospheric and oceanic
conditions beyond our regional model domain. We further show that heat intrusions onto the continental
shelf off the TIS are not influenced by off-shelf warming but are enhanced with coastal freshening,
suggesting positive feedback whereby ice melt and freshening upstream could start a chain reaction,
leading to increased melt, and further coastal freshening.

Plain Language Summary East Antarctica’s Totten Glacier holds enough ice to raise global
sea levels by more than 4 m, and it has recently been melting at an alarming rate. To understand what
causes high melt rates at the base of Totten's floating ice shelf, we developed an ocean model that shows
how warm water masses circulate throughout the region. We find that the westward-moving Antarctic
Slope Current (ASC) has the ability to block warm water from flowing toward the Totten ice shelf. The
warm ocean heat intrusions towards the Totten ice shelf are simulated in 1993-1994, 2004-2006, and
2015-2016 together with extreme ASC weakening events. The ASC strength in the interannual time scale,
which caused these weakening events, is controlled primarily by atmospheric and oceanic processes that
originate more than 1,000 km away. We also find that as upstream ocean freshens, the blocking effect of
the slope current could weaken, setting up a feedback mechanism in which a weaker slope current and
on-shelf freshening allows more warm water to access Totten, leading to increased melt, more on-shelf
intrusions of warm water, and yet more melt, ad infinitum.

1. Introduction

The Totten Glacier (Figure 1), which holds an ice volume comparable to the entire marine-based West Ant-
arctic Ice Sheet, is thinning and its grounding line is retreating (Greenbaum et al., 2015; Li et al., 2016; Rignot
et al., 2019; Velicogna et al., 2014). On-shelf intrusions of modified Circumpolar Deep Water (mCDW)
(Roberts et al., 2018; Silvano et al., 2018, 2019) are the primary driver of Totten ice shelf (TIS) melting; such
intrusions have been observed flowing into the TIS cavity at a temperature of ~—0.4°C (Rintoul et al., 2016).

The Antarctic Circumpolar Current is located in the deep waters (Figure 1) carrying CDW eastward
(Jacobs, 1991; Orsi et al., 1995). Over the continental slope (Figure 1), the Antarctic Slope Current (ASC)
flows westward (Thompson et al., 2018; Whitworth et al., 1985). Previous observational studies have sug-
gested that atmospheric forcing and water mass characteristics over the shelf and the open ocean (e.g.,
Thompson et al., 2018) modifies Antarctic Slope Front (ASF) structures and modulates the ASC. For exam-
ple, strong ASC is considered to act as a barrier to on-shelf ocean heat intrusions (Gill, 1973; Jacobs, 1991;
Schmidtko et al., 2014; Thompson et al., 2018) from observational studies. However, for East Antarctic ice
shelves, strong dynamical links between ASC and on-shelf mCDW intrusions have never been demonstrated.

NAKAYAMA ET AL.

1 of 10


https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://orcid.org/0000-0001-6543-529X
https://orcid.org/0000-0001-6710-6297
https://orcid.org/0000-0002-6439-2918
https://orcid.org/0000-0003-4214-6756
https://orcid.org/0000-0003-0205-4830
https://orcid.org/0000-0003-1745-5952
https://orcid.org/0000-0002-3314-484X
https://doi.org/10.1029/2021GL094149
https://doi.org/10.1029/2021GL094149
https://doi.org/10.1029/2021GL094149
https://doi.org/10.1029/2021GL094149
http://crossmark.crossref.org/dialog/?doi=10.1029%2F2021GL094149&domain=pdf&date_stamp=2021-08-30

A7
ra\%“1%
ADVANCING EARTH
AND SPACE SCIENCE

Geophysical Research Letters 10.1029/2021GL094149

Pathways of 3.0%
mCDW particles

“m:

ay 7T
Dibble S — f'“

‘ Con
Shackleton s TEr A s, x >
6851 Ocean Depth (m) University

| § .| Pathways of 19.7% mCDW particles
0 2000 4000

100E 110E 120E 130E 140E

Figure 1. Model bathymetry (color) with black arrows indicating the Antarctic Circumpolar Current and Antarctic
Slope Current as indicated in the figure. Bathymetric contours of 500, 1,000, 3,000, and 4,000 m are shown in gray and
the bathymetric contour of 2,000 m is shown in pink. The inset (top right) shows Antarctica with the region surrounded
by the black line denoting the model domain. Yellow and purple arrows indicate the pathways of particles onto the
continental shelf off the Totten ice shelf (TIS) into box A enclosed by blue lines. The widths and sizes of these arrows
represent that 19.7% of the particles at the TIS front originate from the continental shelf (shallower than 2,000 m)

east of 125°E, and that 3.0% of particles originate from off-shelf waters deeper than 2,000 m. The black dashed line
represents the vertical section shown in Figures S1 and S2.

Previous studies have investigated the impact of wind (Greene et al., 2017), sea-ice formation in upstream
polynyas (Gwyther et al., 2014; Khazendar et al., 2013), cross-shelf ocean currents (Gwyther et al., 2014; Sil-
vano et al., 2019) and ocean intrinsic variability (Gwyther et al., 2018) on the TIS melting. The mechanisms
of mCDW intrusions, especially drivers of interannual changes, remain uncertain because time-varying
estimates of ice shelf melt rates are only emerging now (Adusumilli et al., 2020) and long-term ocean obser-
vations to detect interannual changes are lacking.

In this study, we develop (2) a regional East Antarctic configuration of the Massachusetts Institute of Tech-
nology general circulation model (MITgem) following (Nakayama et al., 2018) and (b) satellite estimates of
temporally varying TIS melt rates (Figure 2a). We aim at understanding the drivers of interannual variabil-
ity of mCDW on-shelf intrusions towards the TIS.

2. Methods and Experiments

2.1. Ocean Model Configuration

‘We use a regional configuration of the MITgcm with hydrostatic approximation, dynamic/thermodynamic
sea-ice (Losch et al., 2010), and thermodynamic ice shelf (Losch, 2008) following (Nakayama et al., 2018)
with horizontal grid spacing of 3-4 km and with 50 vertical levels (Figure 1) with some adjustments to mod-
el parameters (Table S1). Model bathymetry is based on the ETOPO1 (Amante & Eakins, 2012) with recent
updates of more accurate bathymetry for the TIS region including data from Aurora (Rintoul et al., 2016),
Shirase, and airborne gravity measurements acquired by the International Collaborative Exploration of
the Cryosphere by Airborne Profiling project 7 (Figure 1). Model ice shelf draft is based on Antarctic Bed-
rock Mapping (Fretwell et al., 2013). We compute ice shelf melt rates following Hellmer and Olbers (1989),
Holland and Jenkins (1999), and Jenkins (1991). We apply a permanent landfast ice mask based on Fraser
et al. (2012). We conduct a 25-year model simulation from 1992 to 2016 (hereinafter CTRL) following a
spin-up of 25 years. Atmospheric forcing is provided by ERA-Interim (Dee et al., 2011). Particle release and
passive tracer experiments are conducted to analyze the circulation patterns of several water masses exist-
ing on the continental shelf (See method in Supporting Information S1 for detail).
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Figure 2. (a) Time series of satellite-based estimates of the Totten ice shelf melt rates (black) and box A depth averaged potential temperature between 514
and 918 m (red). (b) Times series of area-averaged box A potential temperature with a contour of —0.4°C (white). White arrow indicates the warm mCDW
inflow in 1994. (c) Time series of box A potential temperature at 552 m depth (pink), potential temperature over the continental slope at 552 m depth (red), and
Antarctic Slope Current (ASC) strength (positive eastward) at 552 m depth (black). Note that ASC is westward current. Properties over the continental slope are
calculated as spatial averages along the 1,007-m isobath between 116.6°E and 121.6°E. For (a) and (c), thick lines indicate 12-month running averages. (d) Time
series of the 552-m ASC strength (same as c, black) and 1,007-m potential temperature over the continental slope (red). Triangles and circles indicate strong
and weak ASC years based on 552-m ASC strength in November. (e) Time series of 552-m ASC strength anomaly off the Totten ice shelf (TIS) (same as c, black)
and at 135°E (cyan) and 1,007-m ASC strength at the eastern model boundary (blue). The ASC core is located deeper close to the eastern model boundary. The
anomalies are calculated by subtracting temporal averages for each location. The value of correlation coefficients (R) are calculated using 12-month running
means of ASC strengths off the TIS and at the eastern boundary. (f) Time series of ASC strength off the TIS (same as c, black) and alongshore wind stress over
the bathymetric trough intruding mCDW towards the TIS (red box in Figure Séc).

2.2. Satellite Melt Rate Estimates

We derive ice shelf melt-rate time series from measurements acquired by four overlapping ESA satellite
radar altimetry (RA) missions (Nilsson et al., 2016; Paolo et al., 2016 and supporting material for detail).

3. Results

Simulated horizontal and vertical sections capture large-scale hydrographic structures implying that large-
scale ocean circulation is well represented in our simulations (Yamazaki et al., 2021, Figures S1-S4, and
Model evaluation for detail). For the region on the continental shelf near the TIS front (box A in Figure 1),
time series of spatial mean potential temperature show warm mCDW stored at depths below ~500 m and
Winter Water located above (Figure 2b). As is common with ocean models (Gwyther et al., 2018), the
simulated thermocline depth is shallower by a few hundred meters compared to observations (Rintoul
et al., 2016; Silvano et al., 2017).

3.1. Simulated and Observed Interannual Variability

Near the TIS front (box A), the depth-averaged potential temperature between 514 and 918 m shows peaks
of mCDW intrusions in 1994, 2006, 2011, and 2016 (Figure 2a). Satellite-based estimates of the TIS melt
rates show similar interannual variability to the simulated depth-averaged potential temperature from the
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Figure 3. Monthly mean 552 m potential temperature for the close-ups of the continental shelf region off the Totten
ice shelf in (a) August 1993 and (b) November 1993 for the CTRL case. Bathymetric contours of 500, 1,000, 2,000, 3,000,
and 4,000 m are shown in white. Simulated vertical sections of (c and d) potential temperature, (e andf) eastward
current, and (g and h) potential density along 119°E in August and November 1993 are shown, respectively. Red

and white arrows highlight the simulated mCDW inflow and the changes in the Antarctic Slope Current strengths,
respectively.

numerical model (Figure 2a). The satellite-based results indicate peak melt rates in 1992, 1997, 2000, 2006,
2011, 2012, and 2016; although not all of these peaks are found in the simulated results (e.g., 1997 and 2000),
the largest peaks and the overall trend are common between the two time series. The simulated TIS melt
rate also shows similar temporal variability but its peaks do not match exactly with mCDW intrusion peaks
(Figure S5). This is, however, still in good agreement considering that (a) it is generally difficult for ocean
models to reproduce interannual variability close to remote sensing observations, (b) knowledge of on-shelf
bathymetry is only limited to the Dalton polynya and Totten ice shelf front with no bathymetric measure-
ments available along the mCDW intrusions pathways, and (c) good representations of mCDW circulations
require horizontal grid spacing of ~1 km (Nakayama, Timmermann, Schréder, & Hellmer, 2014; St-Laurent
et al., 2013; Stewart & Thompson, 2016).

Sequential snapshots of 552-m on-shelf potential temperature describe a detailed view of the mCDW in-
trusions onto the continental shelf. For the mCDW intrusion peak during 1993-1994, for example, the in-
trusion (~0.4°C, Figure 2c) begins in September 1993 from two troughs existing along the continental shelf
break and continues for several months before it weakens and stops (Figures 3a and 3b, Figure S6 (red and
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magenta arrows), and Movie S1). Since on-shelf warming is caused by intrusions of warmer mCDW from
the continental shelf break (Figure 2), simulated potential temperature time series over the continental
slope and at the TIS front (box A) fluctuates similarly (Figure 2c). This is different from the case in the east-
ern Amundsen Sea where mCDW temperature shows little variability and volume change appears to con-
trol the available heat to melt ice shelves (Dutrieux et al., 2014; Kimura et al., 2017; Nakayama et al., 2019;
Wihlin et al., 2020; Webber et al., 2019).

3.2. What Induces Warm mCDW On-Shelf Intrusions?

To test whether the potential temperature of mCDW at TIS is modulated by large-scale ocean circulation
as has been reported in the Amundsen Sea Embayment (Nakayama et al., 2018), we calculate the origin of
mCDW by using particles released on the continental shelf near the TIS front, advected backward in time
based on the daily output of ocean currents (Table S3 and Figures S7 and S8). Based on 14 experiments with
different particle release years, we find from two years of backward integration that 19.7 £ 3.6% of the parti-
cles at the TIS front originate from the continental shelf region (shallower than 2,000 m) east of 125°E, and
that 3.0 £ 1.3% of particles originate from off-shelf waters deeper than 2,000 m. Time series of the number of
particles originating from the off-shelf region (Table S3) fluctuate similarly to mCDW on-shelf temperature
(Figure 2b). However, the fluctuation is too little to explain the simulated interannual variability of on-shelf
mCDW properties.

Of all simulated peaks of TIS front (box A) mCDW temperature, the warmest three cases accompany the
extreme ASC weakening events (Figure 2c). For example, in 1993, the ASC weakens from August to Novem-
ber (white arrows in Figure 3), resulting in flattening of the isopycnal and on-shelf intrusions of mCDW
in the following November (red arrows in Figure 3). The response is quick and warm mCDW intrudes
on-shelf and it reaches the TIS front region within 4 months (Figure 3). This demonstrates that the ASC
controls interannual variability of mCDW intrusions and strong ASC acts as a barrier to on-shelf ocean heat
intrusions (Figure 2c) as suggested from previous observational studies (Gill, 1973; Jacobs, 1991; Schmidtko
et al., 2014; Thompson et al., 2018).

3.3. What Controls the ASC Strengths?

The ASC generally responds to wind, large-scale modes of climate variability (e.g., El Nifio, Southern An-
nular Mode, etc), and dense shelf water descent upstream along the Antarctic coast (Gill, 1973; Mathiot
et al., 2011; Marques et al., 2014; Nakayama, Ohshima, et al., 2014; Pefia-Molino et al., 2016; Stewart &
Thompson, 2015; Thompson et al., 2018). Using 12-month running averages, we find a high and significant
correlation (r = 0.61, Figure 2e) between the 552-m ASC strength off the TIS and the 1,007-m ASC strength
at the eastern model boundary. No significant correlation can be found between the ASC strength and
alongshore wind close to the continental shelf break (Figure 2f).

Based on the high correlations between the ASC strength off the TIS and at the eastern model boundary, we
find that the interannual variability of mCDW intrusions and ASC strength is primarily due to the interan-
nual variability of the ASC at the eastern ocean lateral boundary. This implies that large-scale atmospheric
and ocean circulations outside of the model domain control the ASC strength. However, the ASC weak-
ening events (e.g., 1993-1994, 2004-2006, and 2015-2016) do not occur at the exact same time in different
locations (Figure 2e). This means that the background ASC strength provides favorable conditions for the
mCDW intrusions but local ocean processes are able to influence the ASC strength and mCDW intrusions
onto the continental shelf (Figure 2e).

Although the simulated ASC weakening events off the TIS in 1993, 2005, and 2015 are prominent (ASC
strength weakens by ~0.15 m s™'), ASC strengths at other locations show small fluctuations (Figure 2e).

This means that local processes inside of the model domain induce amplified ASC weakening off the TIS.
As ASC weakening is prominent from October to November, we select six years with weak (1993, 2005, and
2015) and strong ASC (1998, 2007, and 2012) based on November monthly averages (marked by triangles
and circles, respectively, in Figure 2d) and compare composite of November mean vertical sections of po-
tential temperature, eastward ocean current, and passive tracer concentration (Figure 4). The passive tracer
concentration is below 0.1 everywhere in the region deeper than 500 m for weak ASC years (Figure 4e and
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Figure 4. Composite of November mean vertical sections of (a and b) potential temperature, (c and d) eastward current, and (e and f) passive tracer
concentration along 119°E for weak and strong Antarctic Slope Current (ASC) years. Strong and weak ASC years are sampled based on the ASC strength in
November (Figure 2d). Spatial distribution of nine-month (September-November for all sampled years) mean Ekman upwelling for (g) weak and (h) strong
ASC years. Bathymetric contours of 0 and 2,000 m are shown in white.

Figure S9), while passive tracer concentration is high throughout the water column over the continental
slope with local maximum passive tracer concentration of ~0.18 located at the bottom over the continental
slope for strong ASC years. Vertically stretched distribution of the passive tracer, high tracer concentration
at the bottom, and the emergence of low-temperature water together with ASC strengthening (Figures 2d
and 4) imply that downslope descent of shelf water onto the continental slope upstream causes stretching
of the water column and strengthening of the ASC (Lane-Serff & Baines, 1998). This can be also confirmed
from the high and significant correlation (r = 0.65) between 12-months running means of ASC strength and
the ASC temperature at 1,007 m depth (Figure 2d). The simulated ASC cores are located at similar locations
for both strong and weak ASC cases.

Another major difference can be found over the slope in upwelling velocity estimated from surface ocean
stress (Figures 4g and 4h). The spatially averaged upwelling velocities are 2.1 x 10°m s and —2.0 x107”7

m s~ for the continental slope region (spatially averaged for the area between 115° and 121.6°E and depth
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between 1,000 m and 2,000 m), respectively, for weak and strong ASC years (Figures 4g and 4h and Fig-
ure S10), consistent with Greene et al. (2017). This likely means that coastal upwelling modifies ASF struc-
ture, modifies ASC strengths, and controls mCDW on-shelf intrusions (Webber et al., 2019). We do not find
a clear distinction for alongshore wind between strong and weak ASC years (Figure S10).

Similar relations between the ASC strength and 552-m potential temperature along the 1,000-m isobath
can be found off the Shackleton, Holmes, and Dibble ice shelves (Figure S11). The correlation coefficients
between the ASC strength and 550-m potential temperature are 0.46 and 0.49, respectively, for the region
off the Shackleton and Dibble ice shelves, implying some robustness of the dynamical link between ASC
weakening and cross-shelf mCDW flow. For example, on-shelf mCDW temperature off the Shackleton Ice
Shelf is high between 2004 and 2008 when the ASC is weak, showing a consistent behavior.

In our simulations, we show that the ASC has a blocking effect, and weakening of the ASC leads to in-
trusions of warm mCDW onto the continental shelf towards the TIS front. Our model shows larger in-
terannual fluctuations in the temperature of the mCDW layer compared to previous studies (Gwyther
et al., 2014, 2018; Khazendar et al., 2013; Silvano et al., 2019), likely because the model bathymetry in pre-
vious studies included a deep, wide trough that allowed the ASC to approach the TIS front. We note that we
use a regional model to investigate large-scale thermal exchange across the continental shelf, so our analysis
focuses on the delivery of thermal energy towards the TIS. We do not attempt to resolve fine-scale circula-
tions beneath TIS or any polynya-driven processes that may affect melt rates at TIS (Gwyther et al., 2014;
Khazendar et al., 2013). Our results do not contradict the overall findings of any previous study, but add a
layer of complexity to our understanding of the forcing mechanisms that drive interannual thermal varia-
bility in the region surrounding TIS.

3.4. Sensitivity to Shelf Water Freshening and Off-Shelf CDW Warming

We conduct additional experiments (Table S2) to investigate the sensitivity of the on-shelf heat content (box
A in Figure 1) to off-shelf CDW warming and shelf water freshening, which are comparable to ongoing
changes observed in the Southern Ocean (Boning et al., 2008; Jacobs et al., 2002; Rye et al., 2014; Schmidt-
ko et al., 2014). Neither off-shelf mCDW warming (Warm1 and Warm2) nor enhanced air-ice drag coefti-
cient (Wind2) significantly influences on-shelf mCDW temperature (Figure 5). However, imposed on-shelf
freshening at the eastern model boundary (Figure S12) leads to warming of the on-shelf mCDW. On-shelf
freshening by 0.1 and 0.2 leads to on-shelf warming by 0.04 °C and 0.3°C, respectively, showing a nonlinear
response (Figure 5). Such changes occur because the density reduction of on-shelf properties leads to inten-
sified and more frequent intrusions of mCDW towards the TIS at the time when ASC weakens (Figure S13).
The simulated ASC also weakens by 11% and 36%, respectively, for Fresh1 and Fresh2 experiments, which
possibly intensifies on-shelf warming (Figure S13). These sensitivity experiments further confirm the im-
portance of freshening on ASC and on-shelf mCDW intrusions in addition to on-shelf convective processes
(e.g., Silvano et al., 2018). These results have to be understood carefully as recent studies are suggesting both
strengthening and weakening trends for future ASC (Moorman et al., 2020; Pelle et al., 2021). Circum-Ant-
arctic or global high-resolution ocean simulations are required for studying future ASC response, because
ASC is likely sensitive to circum-Antarctic on-shelf conditions and ice shelf melting (Graham et al., 2013;
Moorman et al., 2020; Nakayama, Timmermann, Rodehacke, et al., 2014; Thompson et al., 2018).

4. Conclusions

We show that simulated ocean heat intrusions towards the TIS present several peaks in 1994, 2006, 2011,
and 2016, consistent with satellite-based estimates (Figure 2). We demonstrate that the ASC plays a role in
blocking ocean heat intrusions towards the TIS under the realistic East Antarctic region configuration. The
interannually varying strength of the ASC is primarily controlled by lateral ocean boundary conditions (and
thus large-scale atmospheric and ocean circulation outside of model domain), but also likely influenced by
local wind stress curl and upstream descent of shelf water. On-shelf intrusions of mCDW toward the TIS
is sensitive to shelf water freshening, such that a 0.2 decrease in salinity leads to a 19% increase of on-shelf
heat content compared to CTRL, but off-shelf warming does not influence on-shelf mCDW temperature
(Figure 5), indicating that ongoing Antarctic coastal freshening (Jacobs et al., 2002; Nakayama et al., 2020;
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Figure 5. Sensitivities of (a) on-shelf potential temperature and (b) on-shelf potential density differences to freshening
at the eastern model boundary, off-shelf CDW warming, and enhanced air-ice drag coefficient. The x-axis indicates
salinity anomaly showing on-shelf salinity difference at the eastern boundary compared to CTRL. Standard deviations
of potential temperature and potential density during warm periods (1994-1995 and 2006-2008) are calculated for

each sensitivity experiment (shown as error bars). On-shelf properties are defined as spatial averages in box A at 552 m
depth.

Rye et al., 2014) may have already accelerated the melting of the TIS. Due to the large-scale nature of the
continental slope processes that drive the ASC, it is probable that the relationship between ASC strength
and coastal ocean heat may influence other East Antarctic ice shelves in addition to TIS.

Data Availability Statement

The model code, input, and results are available at https://doi.org/10.5281/zenodo.5077265. They are also
available at https://ecco.jpl.nasa.gov/drive/files/ECCO2/LatLon_East_Antarctic. Some of the figures are
created using Paraview and Ocean Data View.
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