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Abstract. The Totten Glacier is rapidly losing mass. It has
been suggested that this mass loss is driven by changes in
oceanic forcing; however, the details of the ice—ocean in-
teraction are unknown. Here we present results from an ice
shelf-ocean model of the region that includes the Totten,
Dalton and Moscow University ice shelves, based on the Re-
gional Oceanic Modeling System for the period 1992-2007.
Simulated area-averaged basal melt rates (net basal mass
loss) for the Totten and Dalton ice shelves are 9.1 m ice yr~!
(44.5Gticeyr~!) and 10.1 m ice yr~! (46.6 Gt ice yr™!), re-
spectively. The melting of the ice shelves varies strongly
on seasonal and interannual timescales. Basal melting (mass
loss) from the Totten ice shelf spans a range of 5.7 m ice yr~!
(28 Gticeyr™ 1) on interannual timescales and 3.4 m ice yr_1
(17 Gt ice yr~!) on seasonal timescales.

This study links basal melt of the Totten and Dalton ice
shelves to warm water intrusions across the continental shelf
break and atmosphere—ocean heat exchange. Totten ice shelf
melting is high when the nearby Dalton polynya interannual
strength is below average, and vice versa. Melting of the Dal-
ton ice shelf is primarily controlled by the strength of warm
water intrusions across the Dalton rise and into the ice shelf
cavity. During periods of strong westward coastal current
flow, Dalton melt water flows directly under the Totten ice
shelf further reducing melting. This is the first such mod-
elling study of this region to provide a valuable framework
for directing future observational and modelling efforts.

1 Introduction

Understanding how changing ocean circulation and proper-
ties are causing increased basal melt of Antarctic ice shelves
is crucial for predicting future sea level rise. The Totten
Glacier (see Fig. 1) drains over 570 000 km? of East Antarc-
tica (Rignot et al., 2008). Most of the ice sheet that drains
through the Totten Glacier is from the Aurora Subglacial
Basin (Young et al., 2011) and is marine based (i.e. the ice
base is grounded below sea level; Roberts et al., 2011) mak-
ing the region potentially vulnerable to rapid ice sheet col-
lapse. Weertman (1974) showed that ice grounded below sea
level is inherently unstable, particularly where the bedrock
slopes downwards, away from the ocean, as is the case in the
Aurora Subglacial Basin (Young et al., 2011). More recent
studies have indicated lateral stresses may act to stabilise ice
retreat on a reverse bed slope (Jamieson et al., 2012), but the
applicability of this on a broad drainage basin, where lateral
stresses are lower, is uncertain.

The Antarctic ice sheet contains enough ice to raise sea
level by over 58 metres (Fretwell et al., 2013). Observations
of global mean sea level rise over the period 1993-2008,
indicate an average rate of 2.61 £0.55mmyr~!, with an
Antarctic contribution of 0.43 & 0.2 mm yr~! (Church et al.,
2011). Projections of sea level rise have a large uncertainty in
the contribution of Antarctica, due to lack of observations of
ice discharge rates and surface mass balance (Gregory et al.,
2013).

The ice sheet flows towards the ocean through both broad,
slow ice-sheet flow and many fast-flowing glaciers. Ice
shelves form in coastal regions where the ice thickness of
the ice sheet or glacier is insufficient to maintain contact
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Fig. 1. Model bathymetry and domain. The contour interval is 100 m up to 1500 m depth and 500 m up to 4000 m depth. Ice shelves and
icebergs (dark shading), fast ice (bright shading), polynya (mauve shading with dark outline) and major bathymetric features are indicated.

Inset shows model domain location in Antarctica.

with the bedrock and the ice begins to float on the ocean.
An ocean-filled cavity, insulated from the atmosphere, forms
beneath. The sub-ice shelf seabed can be found at depths of
over 2800 m below mean sea level (e.g. the deepest part of
the Amery ice shelf cavity; Galton-Fenzi et al., 2008). The
freezing point of seawater decreases with increasing pres-
sure. Therefore, at the back of deep ice-shelf cavities, the
decreased freezing point of seawater provides a large poten-
tial for thermal driving of melting, leading to melting at depth
and a buoyant melt water plume (Lewis and Perkin, 1986).
Increased melting leads to the localised thinning of an ice
shelf, and potentially to the acceleration of the glacier behind
it, as the buttressing effect of the shelf is decreased (Dupont
and Alley, 2005). An acceleration in flow rate of a glacier
causes a mass budget imbalance in the surrounding ice sheet
due to the longer response time of the interior ice sheet to
flow change; hence the grounded ice sheet thins. For exam-
ple, observations show surging, acceleration and retreat of
tributary glaciers after the collapse of the Larsen A and B
ice shelves (De Angelis and Skvarca, 2003; Scambos et al.,
2004). It is this dynamic coupling between the ice shelf and
the glacier which makes the grounded ice sheet susceptible
to oceanic changes (Dupont and Alley, 2005). The ice shelf—
ocean interaction is therefore an important control on the
discharge of grounded ice into the oceans and subsequently
on sea level. Recent satellite observations have shown rapid
and accelerated thinning of glaciers along the coastal mar-
gins of Antarctica (Pritchard et al., 2009). For example, Pine
Island Glacier thinned at rates up to 6 m yr—! while the Totten
Glacier displayed thinning rates of 1.9 myr~! for the period
2003-2007 (Pritchard et al., 2009), three times the rate previ-
ously reported (Rignot, 2006). The high thinning rates of ma-
rine terminating glaciers suggests a common oceanic driving,
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for example through increased basal melting (Pritchard et al.,
2012).

Glaciologically derived estimates of area-averaged basal
melt rate for the Totten ice shelf are 20 £9myr~! (Rignot,
2002); 26 =8 myr_1 (Rignot and Jacobs, 2002); and 10.5 +
0.7myr~! (Rignot et al., 2013). These estimates are derived
from satellite interferometric synthetic aperture radar (In-
SAR) observations of ice surface velocity and the first two
are calculated as the difference in flux of ice from the Tot-
ten Glacier across the grounding line and across a flux gate
10-30km downstream, divided by the area of enclosed ice
shelf. These measurements should thus be treated as an av-
erage melt rate for the grounding line region. The latter es-
timate was also derived from InSAR observations, but was
calculated using the volume flux divergence for the whole
ice shelf area. The last estimate is equivalent to a mass loss
rate of 63.244 Gtyr~! (Rignot et al., 2013). Comparatively,
the InSAR estimate for the Moscow University Ice Shelf
shows basal melt of 4.7+0.8myr~! and a mass loss rate
of 27.44+4Gtyr~! (Rignot et al., 2013). It should be noted
that this work defines the Dalton ice shelf as being separate
from the Moscow University Ice Shelf. We define the Dal-
ton ice shelf as the ice shelf separated from the ocean by
the grounded peninsula which runs north-east from 67.2° S,
118.5° E. This is done since the grounded peninsula is likely
to protect the Dalton ice shelf from oceanic influences, and
will change the mass loss characteristics of the Dalton as
compared to the Moscow University Ice Shelf.

These estimates show the Totten and Dalton basal melting
and mass loss to be exceptionally high compared to other ice
shelves in East Antarctica (Rignot et al., 2013). Other East
Antarctic ice shelves that are experiencing similar basal melt
rates are typically smaller ice shelves, and thus mass loss
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rates are smaller than the mass loss of the Totten. For exam-
ple, the Wilma/Robert/Downer ice shelves have a basal melt
rate of 11.7+£0.7m yr’l, but with an area of only 858 km?,
mass loss (10.0£0.6 Gt yr~!) is only 16 % as large as the Tot-
ten mass loss. Furthermore, unlike many other high melt lo-
cations, such as the Pine Island ice shelf which is estimated to
have an area-averaged mass loss of 101.248 Gtyr~—! (Rignot
et al., 2013), no definite causal mechanisms for basal melting
of the Totten and Dalton ice shelves are known.

Here we examine the temporal variability and driving
mechanisms controlling the basal melt rates of the Totten and
Dalton ice shelves using a numerical model. The Totten and
Dalton ice shelves are prime candidates for investigation, due
to their rapid thinning rates, high estimated basal melt and
the limited existing research. Section 2 provides an overview
of the Totten and Dalton ice shelf—ocean region. Section 3
presents different hypotheses for drivers of basal melting and
in Sect. 4, the regional circulation and heat transport model
is described. Sections 5 and 6 present the results of the mod-
elling and a discussion on cross shelf flow and atmosphere
exchange processes.

2 Description of region

The Totten ice shelf (centred at 67° S, 116° E) is located on
the Sabrina coast in East Antarctica (see Fig. 1). The Sab-
rina coast is characterised by marine terminating glaciers,
ice shelves (such as the Totten, Moscow University and Dal-
ton ice shelves), large tracts of year-round ice adjoining the
land (fast ice), extensive seasonal sea ice growth and a region
of strong sea ice formation (the Dalton ice tongue polynya).
The continental shelf seas are approximately 1000 m deep,
with the shelf break occurring between 65° S to 65.5°S in
this region. The Antarctic Circumpolar Current is located in
the deep abyssal waters to the north of the continental shelf
break (Orsi et al., 1995). The Antarctic Circumpolar Cur-
rent is composed of several water masses, with the Antarctic
Surface Water overlying relatively warm and salty Circum-
polar Deep Water (CDW). Poleward mixing of CDW with
cold and dense Antarctic waters produces “modified” CDW
or MCDW (Orsi et al., 1995), at the southern boundary of the
Antarctic Circumpolar Current.

The embayed position of the Totten ice shelf, located on
the eastern flank of Law Dome and with a broad continen-
tal shelf, makes it relatively isolated from the eastward flow-
ing Antarctic Circumpolar Current. The two main oceanic
currents near to the coastal ice shelves flow westwards. The
Antarctic Coastal Current (ACoC) flows within 50 km of the
coast and is associated with the east wind drift. The Antarctic
Slope Current (ASC) is topographically controlled and is an
important influence on transport across the continental shelf
break (Jacobs, 1991).

A large polynya forms west of the Dalton ice shelf
tongue (Massom et al., 1998). Polynyas form when strong
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gravity-driven katabatic winds flow down the Antarctic ice
sheet and turn westwards under Coriolis acceleration, re-
moving freshly formed sea ice. Heat is then lost from the
uncovered ocean, leading to more sea ice formation and
brine rejection as a latent-heat polynya. These are impor-
tant as they produce large quantities of high-salinity shelf
water (HSSW), which contribute to bottom water formation
(Rintoul et al., 2001), an important driver of the global cli-
mate system (Jacobs, 2004). The easterly katabatic winds are
an important controlling factor in polynya strength (Massom
et al., 1998). As the ACoC is also controlled by the strength
of the easterly winds, a correlation between the strength of
both the polynya and the ACoC is to be expected.

3 Overview of drivers of basal melting

The largest process responsible for causing ice shelf thinning
is thought to be changes in the magnitude of basal melting
(Pritchard et al., 2012; Rignot et al., 2013; Depoorter et al.,
2013). Ice shelf thinning by increased basal melt suggests
increased oceanic heat available for melting at the ice shelf
cavity (Holland et al., 2008; Jacobs et al., 2013). Proposed
hypotheses explaining increased heat supply to ice shelf cav-
ities include; redirected coastal ocean currents leading to
increased heat content beneath ice shelves (Hellmer et al.,
2012; Jacobs et al., 2011); regional upper-ocean hydrogra-
phy (Hattermann et al., 2014); dynamic eddy-scale activity
(Moffat et al., 2009); a link with sea ice conditions (Holland
et al., 2010); polynya activity (Cougnon et al., 2013); wind-
driven currents (Dinniman and Klinck, 2004); and changes
in the Antarctic Circumpolar Current (Gille, 2008; Boning
et al., 2008). This paper investigates the mechanisms that in-
fluence the oceanic heat supply that drives basal melting.

3.1 Circumpolar Deep Water intrusions

Increased heat supply for ice shelf melting has been sug-
gested to be due to periodic incursions of modified Circum-
polar Deep Water (MCDW) onto the continental shelf which
can then flow along isopycnals and be delivered to the ice
shelf base (Jacobs et al., 1996; Thoma et al., 2008). Obser-
vations near and beneath several Antarctic ice shelves show
the signature of MCDW. In the case of Pine Island ice shelf,
which is showing high melt rates, water measurements taken
from an autonomous underwater vehicle show MCDW mix-
ing with cold melt water. This indicates that MCDW is re-
sponsible for the high melt rates of Pine Island ice shelf
(Jenkins et al., 2010; Jacobs et al., 2011).

In the Totten Glacier region, Conductivity, Temperature
and Depth (CTD) measurements have indicated the presence
of MCDW on the south side of the continental shelf break,
~?200km from the Totten ice shelf (Williams et al., 2011).
However, no observations yet exist to determine the tempo-
ral and spatial variability or causal mechanism of the MCDW
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incursion. Consequently, it is not yet clear whether MCDW
is the water source driving melting of the Totten ice shelf.

3.2 Interaction with bathymetric features

Observations suggest that intrusions of warm water onto
the continental shelf are highly dependent on bathymetric
features (e.g. Martinson and McKee, 2012). Geostrophic
eddy interaction with small scale bathymetry features can
lead to enhanced oceanic mixing via internal wave break-
ing (Nikurashin and Ferrari, 2010). Broad scale bathymetry
features such as the shelf break (as opposed to small scale
sills and ridges) can also lead to net onshore intrusion. In-
ertia of the along-slope water flow can carry the water up
the slope and onto the shelf, depending on the curvature and
orientation of the continental shelf (Dinniman and Klinck,
2004; Klinck and Dinniman, 2010). In the case of Pine Is-
land Glacier, modelling has shown warm waters being chan-
nelled through irregular bathymetric features and submarine
troughs (Thoma et al., 2008). The bathymetry in front of the
Totten ice shelf is suggestive of possible pathways of MCDW
intrusion onto the continental shelf. For example, Paulding
Bay (see Fig. 1) is bordered by a low continental shelf break,
possibly allowing bathymetric intrusion. The western side of
the Dalton rise is another location where the deepening of
the continental shelf break may allow intrusion of MCDW.
Current bathymetry products of the continental shelf break
and shelf proper in this region are informed by satellite grav-
ity inversions, and have limited ship-based groundtruthing.
Consequently, there is a strong need to acquire accurate ship-
based and airborne bathymetry data.

3.3 Eddies

Eddies may also transport and mix heat across the shelf
break. Observations in the western Antarctic Peninsula have
characterised eddies as transporting Circumpolar Deep Wa-
ter onto the continental shelf (see Moffat et al., 2009). The
Antarctic Circumpolar Current is recognised as an impor-
tant generator of eddies, which carry heat polewards (Rintoul
et al., 2001). Closer to the continental shelf, interaction of the
westward flowing coastal current with bathymetric features,
such as ridges along the shelf break may lead to eddy gen-
eration. Numerical models have shown topographic Rossby
wave interaction with bathymetry is an important factor for
generating eddies, which carry a significant amount of heat
across the continental shelf (St-Laurent et al., 2013).

Direct modelling of eddy generation and evolution is lim-
ited by model grid resolution and bathymetry detail. Eddy-
permitting flow can be simulated with horizontal grid resolu-
tions of approximately 2—3 km (Klinck and Dinniman, 2010),
however, a horizontal grid resolution of 1km is required in
order to resolve individual eddies (St-Laurent et al., 2013).
The modelling work presented here (with a horizontal grid
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resolution of 2.5-3.5 km) is eddy-permitting, where the mean
flow and associated interactions are resolved.

3.4 Atmospheric forcing

In analysing the source of increased heat supply to the Totten
ice shelf region, we must also consider the effect of the atmo-
spheric forcing on the ocean. Atmospheric forcing consists
of transfers of momentum (surface wind stress) and buoy-
ancy (heat and/or salt fluxes), such brine rejection in sea ice
formation and polynya regions.

In some cases, local meteorological conditions favour
wind stress patterns that drive currents over the continental
shelf break and onto the shelf. For example, modelling of
Pine Island ice shelf showed a strong correlation between
flow of CDW onto the continental shelf and local temporal
variations in synoptic wind stress conditions (Thoma et al.,
2008).

The polynya located to the east of the Totten ice shelf
produces dense HSSW. HSSW flow may interact in differ-
ent ways with the local environment, and until observations
are taken, modelling presents the only method to understand
the implications of the polynya for the oceanography of the
region. Kampf (2005) suggested that dense water cascading
down submarine canyons and off the shelf break could in-
duce upwelling of deeper water onto the shelf, which was
confirmed in numerical simulations and laboratory exper-
iments (Kampf, 2007). Alternatively, HSSW produced by
polynya activity could be guided by the westward flowing
coastal current, directly towards the mouth of the Totten
ice shelf cavity, potentially cooling sub-ice shelf waters and
quenching melting.

Ice concentration observations taken by the Special Sen-
sor Microwave Imager are used to infer heat and salt flux
out of the ocean (Tamura et al., 2008). The heat flux out of
the Dalton ice tongue polynya using the method of Tamura
et al. (2008) is shown in Fig. 2a, where a positive value indi-
cates loss of heat to the atmosphere and formation of HSSW,
and is considered as a proxy for polynya activity. A peak
in polynya activity coincides with the Austral winter, due to
strong wind over the region (see Fig. 2a, green line) and low
air temperatures. Between approximately mid-February and
mid-November the polynya removes heat from the ocean.
The persistence and duration of this polynya before the satel-
lite era is unknown.

Long-term polynya activity can be analysed by consider-
ing the polynya heat flux anomaly — calculated as the dif-
ference between the heat flux and a climatological value for
each month, smoothed with a Gaussian filter (the filter stan-
dard deviation is ofjer = 4), as shown in Fig. 2b. The cli-
matology is calculated over the 1992-2007 period. The heat
flux anomaly for the Dalton ice tongue polynya region is de-
rived from the buoyancy flux data (see Tamura et al., 2008)
used to force the open ocean surface of the model. A posi-
tive heat flux anomaly indicates above average heat loss from
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Fig. 2. (a) Heat flux out of ocean from SSM/I observations (Tamura et al., 2008) and the magnitude of wind stress, for the Dalton ice tongue
polynya. (b) Difference between monthly heat flux and climatological heat flux (calculated from 1992-2007 data) for respective months,
smoothed with a Gaussian filter (ogjer = 4), and referred to as the “heat flux anomaly”. Heat flux is defined out of the ocean, so positive
anomaly periods indicate stronger than average heat loss from the ocean. (¢) Model melt rates for the Totten and Dalton ice shelves. The times
of the snapshots in Fig. 5 are marked A to D. (d) Difference between melt rates of the Totten and Dalton ice shelves. A positive difference
indicates Dalton melting that is stronger than Totten melting. Raw melt rates are smoothed with a 2.5-year moving average filter, 1 standard
deviation (2.3 myr_l) of difference is shaded and years are marked for the 1st of January. In (¢), light blue and light red lines are the raw
Dalton and Totten melt rates, blue and red lines are the raw melt rates smoothed with a 3-month moving average filter and the dashed black
line is the Totten melt rate smoothed with a 2.5-year moving average filter.

the ocean and stronger than average polynya activity and of the Oceans (GEBCO; British Oceanographic Data Cen-
thus, the resulting signal is a proxy for interannual polynya tre, 2003). Ice shelf thickness over the Totten, Dalton and
strength. Moscow University ice shelves is inferred by hydrostatic in-
version of ICESat ice surface elevation measurements. The
bathymetry under the ice shelves is unknown, so cavity thick-
ness, Tc, is set to a nominal depth, 7c = 300 m, representa-
tive of the typical thickness of an ice shelf cavity along the
cavity centreline (Galton-Fenzi et al., 2008), while along the
grounding line, 7c = 0. Within the cavity, ¢ is linearly in-
terpolated between the cavity centreline and grounding line,
except where the centreline approaches the grounding line.
Here, Tc is not set, allowing a smooth interpolation from
grounding line to centreline. The choice of T¢ along the cen-
treline is justifiable, as uncertainty in this depth should only
affect the spatial distribution of melt/freeze regions (Holland
et al., 2008) and not open ocean circulation and heat trans-
port into the cavity. Furthermore, the agreement between
modelled basal melt rates and glaciological estimates (see
Sect. 5.1) attests to the scale of the ocean cavity being of the
correct order. Fast ice is included from the maps of Fraser
et al. (2012) with a 5 m draft (Massom et al., 2001).

There are several sea ice models available for integration
into ROMS (Budgell, 2005). However, sea ice production
from coupled sea ice models is sensitive to the representation

4 Model details

A modified version of Regional Oceanic Modeling Sys-
tem (ROMS; Shchepetkin and McWilliams, 2005), a 3-D
primitive equation finite difference model, is used to sim-
ulate ice shelf—ocean interaction. ROMS was modified to
include realistic tidal forcing, thermodynamic interaction
between ocean and the ice shelf (see Galton-Fenzi et al.,
2012; Dinniman et al., 2007) and frazil thermodynamics (see
Galton-Fenzi et al., 2012). A three-equation formulation pa-
rameterises ice—ocean thermodynamics, following Holland
and Jenkins (1999).

The model domain (part of which is shown in Fig. 1) cov-
ers 104.5°E to 130°E and 60° S to 68° S, with a grid res-
olution of 2.5km to 3.5km and 31 terrain-following layers
in the vertical. Model bathymetry in the open ocean is pro-
vided by RTOPO-1 (Timmermann et al., 2010), which in turn
is based on S-2004 (Marks and Smith, 2006), a combination
of the gravity map of Smith and Sandwell (1997) and the
ship-based echo soundings of the General Bathymetry Chart
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of grounded icebergs (Kusahara et al., 2010), leading to the
possibility of poor representation of polynyas forming in
the lee of grounded icebergs (such as the Dalton ice tongue
polynya). Consequently, we parameterise sea ice formation
using the heat and salt ux algorithms of Tamura et al. (2008),
which incorporate observed ice concentration for the pe-
riod 1992-2007 from the Special Sensor Microwave Imager
(SSM/M).

Currents, heat and salt fluxes on the lateral boundaries are
relaxed to monthly values from the ECCO?2 reanalysis prod-
uct (Menemenlis et al., 2008). The surface is forced with
wind stress from COREv2 (Large and Yeager, 2009) and the
buoyancy fluxes of Tamura et al. (2008).

The model was run for by 32 years; comprised of 16 years
of repeated 1992 forcing, followed by observed forcing for
the period 1992-2007. After the 16-year spinup phase, the
model was observed to have attained a pseudo-steady state
as shown by the total ocean heat content for the spinup phase
in Fig. 3.

5 Results
5.1 Computed ice shelf melt rate

Melting and freezing at the ice—ocean interface is calculated
for the ice in the domain. Area-averaged melt rates for the
Totten and Dalton ice shelves are shown in Fig. 2¢, while the
spatial melt rate distributions are shown in Fig. 4. These are
at the same times as the corresponding circulation patterns in
Fig. 5. In Fig. 2c, the smoothed interannual Totten melt rate
is shown by a dashed black line, and is calculated by smooth-
ing the area-averaged Totten melt rate with a 2.5-year moving
average filter. The area of the Totten and Dalton ice shelves,
which are used for calculating the area-averaged melt rates
and mass loss, are defined as 5402 km? and 5113 kmz, re-
spectively.

For both the Totten and Dalton ice shelves, simu-
lated whole ice shelf area-averaged melt rates range from
4m iceyr™' to 16m iceyr~!. The Totten ice shelf area-
averaged melt rate (mass loss) averaged over the period
1992-2007 is modelled as 9.1 m ice yr—! (44.5Gt iceyr™1),
which compares well to the most recent estimate of area-
averaged melt rate of 10.540.7myr~! (Rignot et al., 2013).
The interannual variability in the Totten melt rate (shown
as the dashed black line in Fig. 2c) has a mean range of
5.7m iceyr~! (mass loss of 26 Gt ice yr~!), while the sea-
sonal variability has a mean range of 3.4m iceyr—! (mass
loss of 17 Gt iceyr~!). The area-averaged melt rate in the
grounding line region is likely to be among the highest
rates found under the Totten ice shelf. The model area-
averaged melt rate in the Totten grounding line region ranges
from 16m ice yr~! to 45m ice yr~! over the 1992 to 2007
period, with an average value of 28m iceyr—!, in good
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Fig. 3. The total ocean heat content within the model for the spinup
period. In the spinup, the model is run with 1992 forcing repeated
for 16 years.

agreement with the estimates from InSAR (2049 myr~!;

Rignot, 2002; 26 + 8 m yr~!; Rignot and Jacobs, 2002).

While there are no glaciological estimates of melt rate for
the Dalton ice shelf, the model area-averaged Dalton melt
rate (mass loss) for the 1992-2007 period is 10.1 m ice yr~!
(46.6 Gt ice yr~!). The strength of basal melt of the Dalton
ice shelf, similar in magnitude to the Totten ice shelf, sug-
gests that this region is also important for the Antarctic mass
balance budget.

5.2 Ocean circulation features

Simulated model currents are shown in Fig. Sa—d. We find
four different atmospheric and ocean circulation regimes,
and subfigures in Fig. 5 are chosen at times representing
these regimes. The model adequately reproduces the west-
ward flowing ACoC with maximum transport during periods
of strong easterly winds (see Fig. 5a), and very low transport
during weak easterly winds (see Fig. 5d).

The ASC is also reproduced, flowing westwards along the
continental shelf break (see Fig. 5b). The current is chan-
nelled by bathymetric features, such as where the shelf break
curves north-west at 116° E, 64.5° S and approximately flows
between the 2000 m and 2500 m isobaths. Consequently, the
ASC is differentiated from coastal flow associated with the
ACoC by both the zonal location and temperature of wa-
ter within the flow. Currents for the ASC can be as high as
20cms™!, but have a mean flow of approximately 5cms™!.
These model simulated currents agree well with the sparse
nearby observations of Bindoff et al. (2000) and Williams
et al. (2011), which reported observed currents of approx-
imately 2—15cms™! and 2.3-6.4 cms™!, respectively. Mod-
elling studies of circum-Antarctic ASC transport predict sim-
ilar velocities (Mathiot et al., 2011).

The bathymetry of the continental shelf break acts to guide
flow onto the shelf. The ASC interacts with several barriers
as it flows westwards through the model domain. The eastern
edge of the rise located at 122° E, 66° S, henceforth named
“Dalton rise” can act to guide water southwards towards the
mouth of the Dalton ice shelf. West of the Dalton rise, a
large basin with an average depth of 750 m exists, hence-
forth named the “Totten basin”. Interaction of the westward
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Fig. 4. The anomaly from the mean melt rate over the period 1992-2007 is shown at (a) October 1995 (b) September 2003 (c) January 1999
(d) February 1994. (e) The mean melt rate over the period 1992-2007. Larger positive numbers indicate higher melting.

flowing ASC with the the western edge of the Dalton rise
generates a southward flowing jet clockwise around the Tot-
ten basin. This interaction, which is dependent on the merid-
ional location of the ASC front, floods the Totten basin with
warmer water, supplying heat that is available to drive the
melting of the Totten ice shelf.

Observations to support these model results do not exist,
as the region is covered by sea ice for much of the year.
This makes long term estimation of sea surface currents by
satellite observation impossible, and ship-borne observations
sparse and difficult to acquire.

5.3 Heat

The temperature at each layer of the model generally de-
creases polewards. The water that makes up the ASC is typi-
cally between 0 °C to 0.4 °C, though at several points during
the 1992-2007 time period, the temperature rises to approxi-
mately 0.5 °C. The water that makes up the ACoC (—1°C to
—0.5°C) is cooler than the ASC, as a result of mixing with
cold meltwater from glaciers and ice shelves, and heat lost to
the atmosphere.

Model output shows vertical water structure at the shelf
break generally composed of relatively warm and salty CDW
(with temperatures warmer than 1°C and salinity approx-
imately 34.7) overlayed with fresher and cooler Antarc-
tic Surface Water (temperatures of ~ —2°C and salinity of
34.2). Flow is mostly barotropic along the shelf break except
for baroclinic bottom-intensified flows at areas of changing
bathymetry (such as the Dalton rise).

On the Totten region continental shelf, the water masses
include slightly cooler but salty CDW (MCDW formed
through mixing with shelf waters); this is overlayed by
cold and fresh Antarctic Surface Water; while along the
coastline, a seasonally varying cold and salty HSSW (with
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temperatures of ~—2°C or less and salinity of 34.7 or
greater) flows westwards. On the shelf, model output shows
the westward flow of HSSW is bottom-intensified and can
entrain surface waters with it. The flow of the ACoC is gen-
erally surface-intensified and carries meltwater from the Dal-
ton ice shelf and ice tongue westwards, however, these two
flows can combine to form approximately-barotropic west-
ward flow. A large clockwise recirculation feature forms in
the Totten basin. This feature, which is surface intensified,
carries heat clockwise from the shelf break towards both ma-
jor ice shelves, and is composed of water with temperature
between —0.2 to 0.4 °C and salinity of 34.5 to 34.6.

6 Discussion

Model results show variability in melt rate over the course
of each year. However, the interannual Totten melt rate, the
dashed black line in Fig. 2c, shows variation from high to
low melt rate and vice versa, with a ~2-3 year period. The
~ 2-3 year modulation of melt rate signal is noticeable as an
increasing annual average melt between 1992 to 1994 (most
visible in the 3-month Totten melt rate, shown as the red line
in Fig. 2c), 1998 to 2002, 2004 to 2007 and decreasing an-
nual average melt between 1994 to 1998 and between 2002
and 2004. This pattern of increasing and decreasing melt re-
peats over the 1992-2007 period. However, there is no over-
all trend (over the 1992-2007 period) in Totten ice shelf melt
discernible above the ~ 2-3 year melt variation. Thus, we
focus the analysis on understanding the processes governing
simulated interannual variability in melt rates.
Satellite-derived estimates of ice shelf thinning indicate
that for the period 2003-2008 thinning of the Totten ice shelf
was the fourth highest in Antarctica (Pritchard et al., 2012).
Over the period 2003-2007, the model area-averaged melt
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Fig. 5. Simulated column-averaged currents (excluding the surface layer), where the vectors are coloured for mean column temperature, and
scaled according to the reference vector. (a) October 1995. Strong winds drive polynya activity and the ACoC, inhibiting heat flow to the
Totten ice shelf. There is no flow over the Dalton rise. (b) September 2003. Strong polynya activity increases HSSW production, preventing
warm water entry to the Totten ice shelf cavity and decreasing melt rates. Flow over the Dalton rise supplies heat for melting to the Dalton
ice shelf. (c) January 1999. Polynya activity and ACoC are weak, allowing heat supply to cause melting of the Totten ice shelf. There is no
flow over the Dalton rise, so Dalton ice shelf melt rates drop. (d) February 1994. Polynya activity and ACoC are very weak, allowing warm
inflow to Totten ice shelf. Flow over the Dalton rise can increase melting of Dalton ice shelf.

rate increased to its highest value, in agreement with an ice
shelf that is rapidly thinning.

Oceanic heat is supplied to both ice shelves across the
continental slope. However, variability in heat supply at
the ice shelves is also dependent on the nearby Dalton
ice tongue polynya. HSSW produced by the polynya can
flow westwards, reducing supply of heat into the Totten ice
shelf cavity. We proceed by examining model currents and
atmosphere—ocean exchange together with variability in ice
shelf melt rate.

6.1 Atmosphere-ocean exchange

Strong katabatic winds that drive polynya activity, are also
partly responsible for driving the ACoC. Generally, as
polynya activity increases from March to April, large quan-
tities of HSSW are formed in the model. When the polynya
is strongly active, the ACoC is also strong and the resulting
westward flow directs most of the HSSW towards the Totten
ice shelf. As polynya activity decreases in August, produc-
tion of HSSW decreases, allowing warm slope front current
(which flows across the continental shelf break and into the
Totten basin), access to the ice shelf cavity to drive high melt
of the Totten ice shelf.

Times when HSSW production and ACoC are strong
lead to cold, dense HSSW entering the ice shelf cavity and

Ocean Sci., 10, 267-279, 2014

decreased melting. However, the timing of the minimum of
Totten ice shelf melt (generally in December) lags the peak
in polynya activity and HSSW production in June (compare
Fig. 2¢ and a). Increasing polynya activity causes the rate of
change of melt rate to become negative and so the melt rate
passes through a local maximum. The melt rate continues to
decrease until polynya activity decreases, at which point the
rate of change of melt rate becomes positive. The melt rate
then passes through a local minimum and increases. The lag
between polynya maximum and Totten melt minimum is cre-
ated because the bulk volume of water below the ice shelf re-
quires time to cool as HSSW is added and time to heat up as
warm water is added. The Dalton ice shelf exhibits a similar
temporal pattern of melt rate as the Totten ice shelf, suggest-
ing that polynya activity is an influential factor on Dalton
melt rate as well.

The heat flux anomaly for the Dalton ice tongue polynya
region is shown in Fig. 2b. Here, a positive signal indi-
cates stronger than average heat loss to the atmosphere and
stronger HSSW production.

From 1993 to 1995, the heat flux anomaly was nega-
tive during the middle of the year, suggesting weaker peak
polynya strength. Consequently, both ice shelves display
strong melting. From 1996 to 1998, the heat flux anomaly
was strongly positive, leading to strong HSSW produc-
tion and the Totten progressively decreasing in melt rate
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during this period. From mid-1999 to mid-2002, the heat
flux anomaly was negative and consequently, HSSW produc-
tion dropped and oceanic heat supply increased to both ice
shelves. Annual average melt was thus higher for this period
than for the 1996-1998 period when the heat flux anomaly
was strongly positive. From late 2002 to 2004, the heat flux
anomaly was weakly positive, coinciding with weakened
melt rates. For mid-2004 and from 2005 to 2007, the heat flux
anomaly was again strongly negative, which led to reduced
production of HSSW and increased melt as heat supply in-
creased. The years with a strong seasonal variation in melt
rate (see 1992 through to 1996) are years when atmosphere—
ocean exchange (in the form of heat loss to the atmosphere)
was the dominant mechanism modulating seasonal variation
in the melt rate. Other years, such as 1998 and 2003, dis-
played a more complex melt rate evolution that was likely a
combination of atmospheric forcing and melting caused by a
time-dependent warm water source.

The seasonal changes in atmosphere—ocean fluxes ex-
plains the seasonal evolution of melt of both ice shelves,
while the heat flux anomaly explains the interannual trend
in melt rate of both ice shelves. However, there were sev-
eral periods when the melt rate of the Totten and Dalton ice
shelves fluctuated quite differently from each other, indicat-
ing melting not driven solely by polynya activity.

6.2 Shelf exchange processes and heat supply
for melting

The primary source of heat for melting is supplied across the
continental shelf. Bathymetry is important for controlling in-
trusion of warm water by guiding the slope current. Model
results show that regional topographic features (the Dalton
rise and Totten basin) act to guide water onto the continen-
tal shelf. These features are regions of intermittent warm in-
flow. The mechanism by which the flow of the ASC can be
diverted by bathymetry is probably different for each topo-
graphic feature.

Geostrophic flows tend to conserve potential vorticity
f/H, where f is the Coriolis parameter (which varies with
latitude) and H represents the water depth, leading to the
tendency of geostrophic flows primarily following isobaths.
If a change in bathymetry is encountered, resulting flow will
tend to divert to a different latitude to counter the change
in depth. In the model results, we see this by the poleward
current generated as the ASC interacts with the edge of the
Totten basin. The narrow current formation is supported by
idealised modelling studies, which suggest a significant on-
shore flow is generated by interaction with flow along the
shelf break and a trough (St-Laurent et al., 2013).

Melting of the Dalton ice shelf is strengthened by occa-
sional flow of warm water into the basin of Paulding Bay, east
of the Dalton rise. Model currents suggest counter-clockwise
circulation forming in Paulding Bay when the ASC impacts
with the north-eastern tip of the Dalton rise. The resulting
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circulation is onto the Dalton rise and into the ice shelf cav-
ity (see Fig. 5b).

The difference between the simulated Totten and Dalton
melt rates is shown in Fig. 2d. A positive value indicates the
Totten melting is lower than Dalton, while a negative value
indicates Dalton melting is weaker than Totten. The signal
is smoothed by a 6-month moving average and =1 standard
deviation is shaded. A difference greater in magnitude than
1 standard deviation indicates periods when the melt rates of
the Totten and Dalton ice shelves are significantly uncorre-
lated. Since polynya activity drives the melt rate signal on a
seasonal timescale, significantly different melt rates indicate
times when the melt rate of at least one of the ice shelves is
not purely driven by polynya activity.

Late 1996, late 2000, late 2003 and late 2007 were times
when there was a strong supply of heat to the Dalton ice
shelf, but not to the Totten ice shelf (see Fig. 2d). During
these times, oceanic currents supplied heat over the Dalton
rise only to the Dalton ice shelf, but polynya activity and for-
mation of cold, dense HSSW was strong enough to limit Tot-
ten melting (see Fig. 5b). Circulation also shows cold Dalton
melt water leaving the cavity and flowing westwards to the
Totten ice shelf cavity.

Late 1998, early 1999 and late 2007 were times when the
Totten ice shelf experienced strong melting but the Dalton
ice shelf did not. Polynya activity at these times was weaker
than average, which led to lower rates of HSSW production.
Model circulation at these times shows weak flow of HSSW
to the Totten ice shelf (see Fig. 5c). Warm water that in-
trudes into the Totten basin can consequently enter the ice
shelf cavity and drive increased melting. Weaker westward
ACoC flow results in HSSW flowing into the nearby Dalton
ice shelf cavity, decreasing Dalton melting.

6.3 Melt rate forcing by a combination of polynya
activity and circulation

The melt rates displayed by both the Totten and Dalton ice
shelves are a complex combination of a seasonal signal with
occasional periods of very high and very low melt. Com-
paring melt rate and polynya activity, as shown in Fig. 2c
and b, we see that in general, periods of lower melt are
correlated with periods of stronger polynya activity. How-
ever, there were several short periods when ocean circulation
features caused the melt rate of the Dalton and Totten ice
shelves to be out of phase. This suggests that a combination
of atmosphere—ocean exchange and shelf break flow mecha-
nisms is required to fully explain the melt rate of the Dalton
and Totten ice shelves.

We propose a set of four main states of circulation and
polynya activity, that drive melt of the Dalton and Totten ice
shelves. These four states describe the configuration of on-
shelf flow and polynya activity, and explain the seasonal and
interannual variation of the melt rate of the Totten and Dalton
ice shelves. These states are described as follows:
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Fig. 6. ASC (light red line), HSSW (dark blue line) and ice shelf meltwater (light blue line) are shown for; States (A): here, polynya activity
is strong (as shown by a bold “P”), but the ASC only enters the Totten basin. Consequently, both ice shelves show lowered melt rates. (B):
polynya activity is strong, however the ASC comes onshore on both sides of the Dalton rise, leading to increased Dalton ice shelf melt rates.
HSSW produced by the polynya and Dalton ice shelf melt water combine to lower Totten melt rates. (C): polynya activity is weak (as shown
by a thinner “P”’) and warm water only flows into the Totten basin. Consequently, the Totten ice shelf displays strong melting, while the
Dalton ice shelf displays weak melting. (D): polynya activity is weak and warm water onflow over the Dalton rise and into the Totten basin
lead to high melt rates for both ice shelves.

— State A: The meridional position of the ASC means

that it interacts only with the western edge of the Dal-
ton rise. The resulting jet flows southward into the Tot-
ten basin, following the isobaths clockwise until it re-
joins the ASC north of Law Dome. The polynya and
ACoC are strongly active, causing HSSW to flow into
the Dalton ice shelf cavity and westwards to the Totten
ice shelf cavity inhibiting melting of both ice shelves.
This state is illustrated in Fig. 6a and shown in model
currents in Fig. 5a and melt rate anomaly distribution
is shown in Fig. 4a.

State B: Polynya activity is strong, but now the ASC
interacts with the bathymetry offshore of the Dalton
rise, which gives rise to a warm current over the Dal-
ton rise, directly to the mouth of the Dalton ice shelf.
The increased melting leads to a strong meltwater out-
flow westwards towards the Totten ice shelf, inhibit-
ing melting of the Totten. The Totten ice shelf shows
very low melt rates, while the Dalton ice shelf displays
strong melting, as illustrated in Fig. 6b and shown in
model currents in Fig. 5b and melt rate anomaly distri-
bution in Fig. 4b.
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— State C: Weak polynya activity and ACoC strength

leads to reduced HSSW flow to both the Totten and
Dalton ice shelves. The ASC only interacts with the
western edge of the Dalton rise, generating a warm
current into the Totten basin, which drives strong Tot-
ten ice shelf melting. Since the Dalton ice shelf has
very little warm inflow, the lowered HSSW produc-
tion is enough to inhibit melting. This state is shown
in Fig. 6¢ and shown in model currents in Fig. 5S¢ and
in melt rate anomaly distribution in Fig. 4c.

State D: Polynya activity and ACoC strength is much
weaker than in States A and B. As a result, HSSW pro-
duction is lowered and transport of dense, cold water
to both the Dalton and Totten ice shelves decreases.
The ASC interacts with the Dalton rise, leading to a
warm currents flooding the Totten and the Dalton ice
shelves. Both ice shelves thus display high melting, but
the weak ACoC means that Dalton melt water (which
now flows eastwards) does not limit Totten melting as
in State B. This state is illustrated in Fig. 6d and shown
in model currents in Fig. 5d and in melt rate anomaly
distribution in Fig. 4d.
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Fig. 7. The interaction between the Totten and Dalton ice shelves,
the Dalton ice tongue polynya and on shelf flow is summarised. A
negative interaction is shown by &, while a positive interaction is
shown by @. Strong polynya and ACoC flow has a negative impact
on warm water supply to both ice shelves, while warm water flow
into the Totten basin and over the Dalton rise has a positive impact
on basal melting of the Totten and Dalton ice shelves, respectively.
Increased basal melting of the Dalton ice shelf can have a strong
negative affect on the Totten ice shelf. The dependence of this last
interaction on strong ACoC flow is shown by the dashed line.

The interactions described by these four states, repre-
sented in Fig. 7, summarise the melt rate controls of the
Dalton and Totten ice shelves. This interaction chart shows
the strong negative impact of polynya activity and ACoC
strength on heat supply to both ice shelves. Warm water in-
trusions that flow over the shelf break can interact with the
shelf bathymetry and supply heat to either ice shelf, which
will result in enhanced basal melting. If heat is supplied to
the Dalton ice shelf, increased melting may lead to a decrease
in heat supply for the Totten ice shelf (via outflow of cold
Dalton melt water).

These interactions provide a hypothesis describing likely
causes of melting of these under-researched ice shelves. A
similar mechanism has been proposed linking basal melt of
the Mertz Glacier Tongue and a nearby polynya (Cougnon
etal., 2013).

This is also the first evidence of the interaction between
two ice shelves, where the melt rate of one ice shelf affects
the melt rate of the other. This indicates that the melt rate
and glaciology of the Totten ice shelf cannot be studied in
isolation from the Dalton ice shelf.

7 Conclusions

Remote sensing observations show thinning of the Totten
Glacier and suggest strong basal melting of the Totten ice
shelf, driven by changing ocean conditions as the most likely
explanation. Previous studies have indicated that enhanced
exchange of heat across the shelf break is a major cause of
increased basal melting (see for example Jacobs et al., 2013).
This study shows that, along with exchange of heat across
the shelf break, atmosphere—ocean interaction processes on
the continental shelf can modify oceanic heat supply to ice
shelves, and modulate basal melting.
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Dense water formation in the Dalton ice tongue polynya
strongly modulates the seasonality of melting for both ice
shelves. Melting of the Totten ice shelf is increased when the
interannual strength of the Dalton polynya is below average,
and vice versa. The Dalton ice shelf melt rate is primarily
controlled by intrusions of warm water across the Dalton rise
and into the ice shelf cavity. Simulated area-averaged melt
rates for the Totten ice shelf agree well with recent glacio-
logical estimates, and suggest the Dalton ice shelf, like the
Totten, as being a region of high basal melting.

Furthermore, this study suggests important evidence for
the interaction between two ice shelves, where the melting of
one directly influences the melting of the other. Lastly, strong
interannual variability in heat supply to the ice shelves and
subsequent melt rates suggest that observations will need to
be long to correctly determine attributable mechanisms.

This is the first such modelling study of this region, and
provides valuable information for directing future observa-
tions.
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