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Abstract Despite the Amery Ice Shelf (AlS) being the third largest ice shelf in Antarctica, the seasonal var-
iability of the physical processes involved in the AlS-ocean interaction remains undocumented and a robust
observational, oceanographic-based basal melt rate estimate has been lacking. Here we use year-long time
series of water column temperature, salinity, and horizontal velocities measured along the ice shelf front
from 2001 to 2002. Our results show strong zonal variations in the distribution of water masses along the
ice shelf front: modified Circumpolar Deep Water (mCDW) arrives in the east, while in the west, Ice Shelf
Water (ISW) and Dense Shelf Water (DSW) formed in the Mackenzie polynya dominate the water column.
Baroclinic eddies, formed during winter deep convection (down to 1100 m), drive the inflow of DSW into
the ice shelf cavity. Our net basal melt rate estimate is 57.4 + 253 Gtyr ' (1 = 0.4 m yr~ "), larger than previ-
ous modeling-based and glaciological-based estimates, and results from the inflow of DSW (0.52 + 0.38 Sv;
15v=10°m>s"") and mCDW (0.22 * 0.06 Sv) into the cavity. Our results highlight the role of the Macken-
zie polynya in the seasonal exchange of water masses across the ice shelf front, and the role of the ISW in
controlling the formation rate and thermohaline properties of DSW. These two processes directly impact on
the ice shelf mass balance, and on the contribution of DSW/ISW to the formation of Antarctic Bottom Water.

1. Introduction

Ice shelves are areas of thick floating ice that extend from an ice sheet into the ocean. Around Antarctica,
they are the primary regions where the ice sheet discharges into the Southern Ocean. Ice shelves act as but-
tresses for the Antarctic Ice Sheet, and the current widespread and intensifying glacier acceleration along
some Antarctic coastal margins has been linked to the destabilization of the ice shelves by basal melt
[Joughin et al., 2014]. Thinner ice shelves are less capable of restraining the flow of the glaciers which feed
them, thus further increasing the ice discharge to the ocean [Bamber and Aspinall, 2013] and resulting in
increased sea level rise (SLR). Since the early 1990s, the contribution of the Antarctic Ice Sheet to SLR has
accelerated, accounting now for ~10% of the total rate [Church et al.,, 2013]. Recent work [Pritchard et al.,
2012] points to increased heat transport by the ocean to the base of the ice shelves as the primary cause of
this acceleration, but the ocean dynamics driving this increased heat delivery are poorly understood.

The Amery Ice Shelf (60°E-70°E), with an area of ~62,000 km?, is the third largest embayed ice shelf in Ant-
arctica and the largest in East Antarctica (Figure 1). Although small compared with the Ross and the
Filchner-Ronne ice shelves, the Amery Ice Shelf is fed by the Lambert Glacier system which drains ~16% of
the area of East Antarctica [Allison, 1979]. Over the past decades, monitoring the ocean underneath the
Amery Ice Shelf has been an important objective of the Amery Ice Shelf-Ocean Research (AMISOR) Project.
While significant data sets have been collected from beneath ice shelves in West Antarctica [e.g., Clough
and Hansen, 1979; Foster, 1983; Jacobs et al., 1979; Nicholls and Jenkins, 1993], the AMISOR Project has pro-
vided the first comprehensive data set for investigation of ice shelf-ocean interactions in East Antarctica.
The data, collected since 2001 (and ongoing) includes oceanographic moorings in boreholes through the
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Figure 1. Map showing the location of the seven moorings, PBM1-7, along the ice shelf front (brown stars) and four boreholes sites, AMO1,
AMO02, AM03, and AMO6 (grey stars), and the main environmental features in the vicinity of the Amery Ice Shelf. Orange dashed lines
delimit the location of the Darnley, Barrier, and Mackenzie polynyas, and black thick lines show the general ocean circulation in Prydz Bay,
and in color, the main inflow/outflow paths across the ice shelf front. The blue shaded area shows the area of refreezing where the marine
ice layer is 50-200 m thick. The contour shows the bathymetry. Inset: location of the Amery Ice Shelf in East Antarctica.

ice shelf and off the ice shelf front (discussed in the present article), sediment cores, glacial and marine ice
samples, ocean currents, thermistors, and fiber-optic ice/ocean temperature measurements, in addition to a
wide range of glaciological and geophysical measurements.

The ocean circulation in Prydz Bay consists of a large cyclonic gyre, centered in a deep channel, known as
the Amery Depression [Nunes Vaz and Lennon, 1996; Smith et al., 1984]. The gyre is associated with a rela-
tively narrow coastal current that runs along the Amery Ice Shelf calving front, and continues westward
after leaving Prydz Bay (Figure 1). The flow becomes very strong along the western side of Prydz Bay, with
speeds exceeding 1 m s~ ' [Nunes Vaz and Lennon, 1996]. Several regional studies have modeled the ocean
circulation in Prydz Bay and beneath the Amery Ice Shelf [e.g., Williams et al., 2001; Galton-Fenzi et al., 2012].
They all reproduce the cyclonic gyre of Prydz Bay, and suggest a similar cyclonic circulation beneath the ice
shelf (i.e., inflow of shelf waters in the east and outflow of Ice Shelf Water (ISW) and marine ice formation in
the west). Model results also suggest that the Prydz Bay gyre is not persistent over time [Galton-Fenzi et al.,
2012].

This cyclonic circulation drives the inflow of modified Circumpolar Deep Water (mCDW) along the eastern
flank of the Amery Ice Shelf calving front. Herraiz-Borreguero et al. [2015] used a wide range of oceano-
graphic data to describe the interaction of mCDW with the Amery Ice Shelf. Using temperature-salinity

HERRAIZ-BORREGUERO ET AL.

AMERY ICE SHELF FRONT-OCEAN INTERACTION 4947



@AGU Journal of Geophysical Research: Oceans 10.1002/2016JC011858

profiles from instrumented elephant seals, they showed that mCDW occupies the eastern flank of Prydz Bay
and reaches the ice shelf at the beginning of the austral winter. mCDW enters the ice shelf cavity, causing a
basal melt of up to 2 m yr~ ' under the eastern corner of the ice shelf base [Herraiz-Borreguero et al., 2015].
Heat content associated with mCDW inflows observed ~80 km inward from the ice shelf front showed large
inter-annual variability in the ocean heat content of up to —40% in 2004-2005 compared to 2001, compara-
ble to that documented in the Amundsen Sea [Dutrieux et al., 2014].

ISW forms from the interaction of the ocean with the ice shelf. As a result, ISW has a temperature below the
surface freezing point (typically < —1.95°C). The excess buoyancy of the ISW due to the meltwater compo-
nent causes it to ascend along the upward-sloping base of the ice shelf. As ISW rises, its temperature might
become less than the in situ freezing point, which is rising due to the reducing pressure [Foldvik and Kvinge,
1974]. This can result in the formation of frazil ice crystals, which can accrete at the ice shelf base and form
a layer of marine ice.

The marine ice layer under the Amery Ice Shelf [Morgan, 1972; Fricker et al., 2001] is an important feature of
its overall structure, and is an important factor in ice shelf stability, both because its presence affects ice
shelf flow and mechanical properties [Craven et al., 2009], and due to its interaction with fracture features
[Khazendar et al., 2001, 2009]. The marine ice layer is up to 190 m thick and accounts for 9% of the ice shelf
volume; this layer occupies the north-western sector of the Amery Ice Shelf and extends all the way to the
calving front [Fricker et al., 2001]. The formation of frazil ice, and deposition under the ice shelf base, is sub-
ject to seasonal variability [Herraiz-Borreguero et al., 2013], and the frazil ice crystals are responsible for the
lifting of mooring arrays (AM0O1, AM04, and AMO5), deployed in the Amery Ice Shelf cavity [Craven et al.,
2014].

The topography of the Lambert Glacier basin shapes the large-scale wind circulation pattern near the sur-
face. The winds wrap around the Lambert Glacier basin, with velocities in excess of 10 m/s, with little sea-
sonal variability in the wind direction [van den Broeke and van Lipzig, 2003]. These winds are responsible for
the formation (and maintenance) of three coastal polynyas within Prydz Bay. These are, clockwise from the
northeast, the Barrier, Mackenzie, and Darnley polynyas (Figure 1).

The occurrence of coastal polynyas within Prydz Bay plays a key role in the sea ice and Dense Shelf Water
(DSW) formation. The Barrier polynya occurs on the northeastern side of Prydz Bay, close to the continental
shelf break, and it is responsible for an average cumulative annual sea ice production of 80.0 = 19 km? (for
an average area of 6.0 = 2.7 10° km?) [Tamura et al., 2008]. The Mackenzie polynya occurs on the western
flank of the Amery calving front (Figure 1) and it is responsible for an average cumulative annual sea ice
production of 68.2 = 5.8 km?® (for an average area of 3.9 = 2.1 10% km?) [Tamura et al,, 2008]. Both these pol-
ynyas are linked to the formation of DSW, which, together with the DSW formed in the Darnley polynya,
ultimately contributes to the formation of Cape Darnley Bottom Water (G. D. Williams, personal
communication).

This paper documents the interaction of the ocean with the Amery Ice Shelf on intra-annual times scales
and builds on the results shown by Leffanue and Craven [2004]. For this purpose, we use a year-long time
series of ocean temperature, salinity, and horizontal velocity collected along the ice shelf calving front. This
paper is organized as follows: section 2 shows the design and instrumentation of the oceanographic moor-
ings; section 3 focuses on the description of the observed water masses and their seasonal variability,
together with the ocean currents; in section 4, we discuss the variability of the ocean currents and, in partic-
ular, the formation of DSW through deep convection driven by the Mackenzie polynya. Finally, ice shelf
basal melt estimates are discussed, followed by conclusions in section 5.

2. Data

The mooring array consists of seven moorings, hereafter Prydz Bay Moorings (PBM1 to 7), measuring tem-
perature, salinity, and horizontal velocity. These were deployed along the whole calving front of the
Amery Ice Shelf from February 2001 to February 2002 (Figure 1). The ice shelf is approximately 350 m
thick at the calving front, which is ~200 km long. The distance between moorings was on average 34 km,
and they cover the ice shelf front. The moorings were equipped with 27 thermosalinographs, 5 tempera-
ture loggers, 25 rotor current meters, 1 acoustic current meter, and 4 acoustic Doppler current profilers
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Figure 2. Design of the PBM mooring array along the Amery Ice Shelf front.

(RDI Broadband 150 kHz ADCP) (Figure 2). See Table 1 for specific details on instrument location and
depth. Temperature and salinity were recorded every 5 min, while velocity (including ADCP velocity) was
recorded every 60 min. An exception was the current meter RCM9-597_9 on PBM7 (Table 1), which
recorded velocity every 20 min.

3. Results

3.1. Water Masses Interacting With the Amery Ice Shelf

The high spatial resolution of the moorings and the large spatial extent of the water masses, described
next, allows the construction of monthly mean sections of temperature and salinity. We show the tempera-
ture and the salinity sections in July (Figures 3a and 3b) and December (Figures 3c and 3d) to highlight the
spatial and seasonal characteristics of the water masses along the ice shelf front. Two features stand out, (i)
the presence of relatively warm water on the eastern flank of the calving front during the austral winter
(Figure 3a), while cold and saltier waters occupy the western flank all-year-round, with the highest-salinity
water in the austral summer (Figure 3d); and (ii), the increased horizontal salinity (density) gradient along
the ice shelf in the austral summer (Figure 3d). To distinguish these east-to-west differences along the ice
shelf front, we will group the PBMs as follows: PBMs 1-3 (east) and PBMs 4-7 (west). We will follow this
zonal arrangement throughout the paper.

Three main water masses are known to play a key role in the interaction of the ocean with the Amery Ice
Shelf: modified Circumpolar Deep Water (mCDW), Dense Shelf Water (DSW), and Ice Shelf Water (ISW).
These are described in detail next.

3.1.1. Modified Circumpolar Deep Water (mCDW)

CDW is the warmest subsurface water mass offshore the Antarctic continental shelf. In some areas, modified
CDW is able to get on to the continental shelf. We define mCDW as a water mass with potential tempera-
ture, 0, of —0.5 <0< —1.85°C and a neutral density (") of 28.0 < y" < 28.27 kg m~>. Its seasonal inflow is
mostly captured by the three eastern-most moorings, PBM1 to PBM3. Herraiz-Borreguero et al. [2015] docu-
ments the interaction of mMCDW with the AIS in detail using moorings PBM1-3 and a mooring deployed in
the ice shelf cavity. Here we repeat the main points highlighted in their paper. mCDW is first observed on
the eastern flank of the Amery calving front by the end of February 2001 at PMB1, followed by PBM2 and
PBM3 (Figures 4a-4c). The highest temperature observed in these three PBM moorings along the ice shelf
front peaks at 330-465 dbar in May (—1.4°C) and, at ~575 dbar in July (—1.53°C; seen in the unfiltered time
series). In the west, mCDW is essentially absent and only observed sporadically, e.g., around June in PBM4
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Table 1. Summary of Mooring Details®
Mooring Latitude (South) Longitude (East) Ocean Depth (m) Instrument Instrument Depth (m) Deployment/Recovery Date

PBM 1 69°22.014' 74°38.153' 750 RCM8-10867 367 16 Feb 2001 to 22 Feb 2002
microCAT-315 368
RCM8-10919 459
microCAT-316 460
RCM8-10282 571
microCAT-317 572
microCAT-318 725
PBM 2 69°12.001" 74°05.962' 672 RCM8-10868 370 16 Feb 2001 to 1 Feb 2002
microCAT-319 371
RCM8-10993 462
microCAT-320 463
microCAT-321 647
RCM8-10917 657
PBM 3 68°52.386' 73°33.310 768 SBE39-089 324 17 Feb 2001 to 21 Feb 2002
RCM8-10914 347
microCAT-322 348
RCM8-10869 439
microCAT-323 440
RCM8-10996 551
microCAT-324 552
RCM8-10311 663
microCAT-325 664
microCAT-326 743
RCM5-8670x 753
PBM 4 68°35.314 72°30.236 538 SBE39-107 347 17 Feb 2001 to 12 Feb 2002
microCAT-327 366
ADCP-0136 367
RCM8-10915 459
microCAT-328 460
microCAT-329 513
RCM8-10768 523
PBM 5 68°34.840' 71°39.816' 472 SBE39-112 345 17 Feb 2001 to 10 Feb 2002
microCAT-330 364
ADCP-1136 365
microCAT-332 447
RCM8-10704 457
PBM 6 68°30.330'S 70°51.770'E 786 ADCP-0135 365 18 Feb 2001 to 11 Feb 2002
microCAT-380 366
RCM8-10916 457
microCAT-908 458
RCM8-10284 569
microCAT-909 570
RCM8-10701 681
SBE39-111 682
microCAT-911 761
RCM8-10703 771
PBM 7 68°28.659' 70°23.118 1135 ADCP-1143 378 18 Feb 2001 to 11 Feb 2002
microCAT-912 379
RCM8-10918 470
microCAT-913 471
RCM8-7838x 582
microCAT-914 583
RCM8-10998 694
microCAT-1119 695
SBE39-115 805
RCM8-10702 906
microCAT-1120 907
microCAT-1121 1110
RCM9-597_9 1120

Instruments in bold are incomplete or showed some biased.

and PBM5 (Figures 5a and 5b). Oceanographic instruments attached to elephant seals also show that
mCDW is confined to the eastern side of the domain [Herraiz-Borreguero et al., 2015].

3.1.2. Dense Shelf Water (DSW)

DSW usually refers to the densest water mass on the Antarctic continental shelf. DSW forms when brine is
rejected during sea ice formation and mixes with the ocean, especially under polynyas [e.g., Ohshima et al.,
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Figure 3. Monthly mean sections of (a, ¢) potential temperature and (b, d) salinity during the austral (a, b) winter (July) and (c, d) summer
(December). The area occupied by the three main water masses found along the section is delimited by a polygon. The water masses are:
ISW, Ice Shelf Water; DSW, Dense Shelf Water; and mCDW, modified Circumpolar Deep Water. The black dashed line shows the slope of
the 34.5 isohaline in summer. The location of the instruments is shown as a black dot.

2013]. DSW is defined here as a water mass with salinity, S, greater or equal to 34.5, and potential tempera-
ture, 6, ranging from —1.85°C to —1.95°C (just below the surface freezing temperature of —1.89°C). We
have chosen a temperature lower than the surface freezing point to account for the mixing of DSW with
ISW at the ice shelf front (section 4).

DSW is observed all year round, but there are zonal differences along the ice shelf front. In the east, DSW is
observed at the bottom of the water column, below ~600 m at PBM3 (Figure 4f). These eastern mooring
sites are within the deepest part of the Amery Depression (Figure 1) near the ice shelf front. Failure in the
bottom (temperature and salinity) sensors at PBM1 means there is no direct evidence of DSW at these loca-
tions (Figures 4a and 4d). However, a few features do support the presence of DSW at these sites: the tem-
perature at ~660 m in PBM2 and PBM3 are of the same range and seasonal variability; and, the deepest
records available in PBM1 and PBM2 lie within the 34.5 limit. In the west, DSW is observed below ~600 m,
and throughout the whole water column during the austral winter, especially at PBM6 and PBM7, where
the densest DSW is found within the area of the Mackenzie polynya (Figure 5).

A common feature observed along the ice shelf calving front is a gradual freshening in the austral summer,
followed by a gradual increase in salinity during the austral winter resulting from sea ice formation and the
associated brine rejection. However, large zonal differences are observed, especially at the onset of the
salinity increase. In the east, the onset of the salinity increase (followed by a gradual cooling toward the sur-
face freezing temperature) starts in July at all depths above ~600 m, and it is amplified at shallower depths
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Figure 4. Time series of potential temperature at (a) PBM1, (b) PBM2, and (c) PBM3. The times series have been filtered using a 48 h low-pass Butterworth filter. Each time series is color
coded according to a nominal depth at which the measurements were sampled. The exact depth of the time series is shown in Table 1. The freezing temperature at the ocean surface is
shown as a horizontal black dash line. The unfiltered time series of temperature is shown for the shallowest microCAT in grey. Note that the vertical axes have different temperature
range. Time series of salinity at (d) PBM1, (c) PBM2, and (f) PBM3. As in Figures 4a—4c. The 34.5-isohaline is shown as a horizontal dashed line. Note that the vertical axes have different
salinity range.

(Figures 4d-4f). Below this depth, at PBM3, the seasonal cycle is very weak, and a slight increase in salinity is
only hinted at between August and October (Figure 4f, purple and pink). In the west, the onset of the salin-
ity increase is around May at depths shallower than 600 m in PBM6 and PBM7 and August in PBM4 to PBM5
(Figure 5). This salinity increase is also followed by a warming toward the surface freezing point. The surface
freezing point is reached progressively from west to east, between July and September (Figures 4a-4c and
5a-5d). In section 4, we will show that the outflow of ISW during active sea ice formation delays the forma-
tion of DSW.

3.1.3. Ice Shelf Water (ISW)

ISW forms when the ocean drives melting at the base of an ice shelf typically at several hundred meters
depth. ISW is characterized by temperatures below the surface freezing point, thus we define ISW as the
water mass with 6 < —1.95°C.

ISW is the dominant water mass at intermediate depths on the western flank of the ice shelf calving
front. In the east, ISW is sporadically observed at mid depths (~450 m) in February and from August
to December (Figures 4a—4c). This ISW is slightly warmer and saltier (0 = —1.98°C, S = 34.53) than that
in the west (0 = —2.06°C, S =34.46). In the west, ISW is observed at depths from ~350 to 660 m,
between March and August. The coldest ISW (—2.22°C, 34.43) is observed at ~350 m at PBM4 and
PBM7 (Figures 5a and 5d). The temperature and salinity of ISW changes little from February to May.
Between May and July, supercooled ISW, i.e., with temperature below the in situ freezing point, is
observed at ~360 m at PBM4, PBM6 and PBM7 (Figures 5a, 5¢, and 5d). The presence of frazil ice
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Figure 5. Time series of potential temperature at (a) PBM4, (b) PBM5, (c) PBM6, and (d) PBM7. The ADCP target strength signal for the bin number 15 (~265 m below ocean surface) is
shown in blue in Figure 5a. The times series have been filtered using a 48 h low-pass Butterworth filter. Each time series is color coded according to a nominal depth at which the meas-
urements were sampled. The exact depth of the time series is shown in Table 1. The freezing temperature at the ocean surface is shown as a horizontal black dash line. The freezing tem-
perature at 370 dbar is shown as a short horizontal black dash line at —2.15°C. The unfiltered time series of temperature is shown for the shallowest microCAT in grey. Note that the
vertical axes have different temperature range. Time series of salinity at (e) PBM4, (f) PBM5, (g) PBM6, and (h) PBM7. As in Figures 5a-5d. The 34.5-isohaline is shown as a horizontal
dashed line. Note that the vertical axes have different salinity range.

within the ISW plume has been observed at the Amery Ice Shelf front previously [Penrose et al., 1994],
as well as inferred from observations inside the western ice shelf cavity [Herraiz-Borreguero et al.,
2013; Craven et al., 2014].

To test whether frazil ice is present in the outflow of supercooled ISW, we look for periods of large target
strength signal in the ADCP at PBM4. Two periods are found to correlate with the temperature of the super-
cooled ISW, in April and August (Figure 5a, blue vertical lines). While the first event in April can also be
explained by biological activity, this does not apply to the second event in August. Thus we interpret the
latter as caused by the presence of frazil ice. This winter event shows the largest target strength event,
which continues even after the supercooling event ends. The target strength signal shown in Figure 5a cor-
responds to a depth ~100 m above the temperature sensor (~260 m below the surface), suggesting super-
cooling conditions may occur at shallower depths as the ISW rises after leaving the ice shelf cavity and
where the frazil ice is detected. This is possible as ISW occupies depths as shallow as the surface near the
ice shelf front during the winter months (not shown).

The ISW plume thickens during the early winter to a minimum of 150 m at PBM4 (Figure 5a), and ~300 m
at PBM7 (Figure 5d). This thickening of the ISW plume at the ice shelf front follows the thickening of the
ISW plume in the western side of the ice shelf cavity [Herraiz-Borreguero et al., 2013] and the formation of
frazil ice [Craven et al., 2014].
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3.2. Ocean Circulation

The velocity components (u, v) have been rotated locally to directions of along/across the ice shelf front, here-
after u-along and v-across. The velocity has been filtered using a 20 day low-pass filter and we will discuss
these low-passed filtered currents in relation to the temperature and salinity time series in Figures 4 and 5.

The ocean circulation along the ice shelf calving front shows a complex interaction between the ocean cur-
rent and changes in water column depth and the ice shelf front itself. The shipboard ADCP depicts a surface
current that follows the ice shelf front westward (not shown) as described by Nunes Vaz and Lennon [1996].
However, the annual mean velocity vectors deviate slightly from this description (Figure 6), especially at the
bottom currents in PBM1, PBM3, and PBM5 (Figures 7 and 8, right). Decomposition of the velocity into the
axes of maximum (and minimum) variability shows ellipses with a small eccentricity, suggesting the pres-
ence of eddies and/or coastally trapped waves in the flow (Figure 6a). When we filter the time series, the
eccentricity increases and the maximum variability of the velocity is more clearly seen aligning with the
direction of the ice shelf front in most moorings. The moorings located near rapid changes in the bathyme-
try (PBM1, PBM4, and PBM5-7) deviate from this behavior and tend to follow the bathymetry contours (Fig-
ure 6b). In the case of PBM1, the maximum variability follows the bathymetry contours, except the bottom-
most velocity, which is across the bathymetry

In the eastern moorings and from March to August, the upper u-along flow is westward in both PBM1 and
PBM3, and eastward in PBM2 although the velocity is close to zero here (Figure 7). The deep u-along flow fol-
lows the upper layers, however the velocity is stronger in PBM2 than at the upper layers. During this same
period, the v-across flow is predominantly inward in PBM1, with a stronger flow at the bottom, and outward
in PBM2 and PBM3. It is during this period when mCDW is observed in this part of the ice shelf front (Figures
4a-4c), and DSW of temperature above the surface freezing point is observed at bottom layers (Figures 4d-4f).

The formation of sea ice influences the flow at the ice shelf front. Sea ice formation is marked by the onset
of the salinity increase between July and August until salinity reaches a maximum in the eastern moorings
(Figures 4d-4f). Both the u-along and v-across components of the velocity intensify at PBM1, and change to
opposite directions until the end of the salinity increase (due to brine rejection) (Figures 7a and 7d). This
period finishes with the outflow of ISW and the appearance of DSW of temperature slightly below the sur-
face freezing point accompanied by an inflow at the deepest layers of PBM1-3 and in the upper layers at
PBM1 and PBM3 (Figure 7). The change in the bathymetry contours toward the north at PBM2 likely
explains the difference in the direction of the flow between PBM2 and PBM1 and PBM3.
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The velocity in the western moorings is described as a westward current, dominated by the outflow or
northward flow at all moorings except PBM5. The current at PBM7 is eastward, as the current needs to
deflect as it encounters the coast. As in the eastern moorings, the formation of sea ice, and DSW at the
Mackenzie polynya, influence the currents: (i) the onset of the salinity increase is observed in the velocity
field as an increase in the variance and the energy field (section 4.2; Figure 10), and (ii) the current at PBM7
changes to southwestward when the water column is fully unstratified (Figures 5d, 5h, 8d, and 8h). It is also
during this period that the current at PBM 6 is primarily southward (inflow).

The presence of the Mackenzie polynya on the western flank of the Amery Ice Shelf calving front plays a
key role in the strength of the seasonal exchange between the open ocean and the ice shelf cavity. The sea-
sonal formation of DSW in the Mackenzie polynya creates a pressure gradient along the shelf front, setting
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Figure 7. (continued)

up a geostrophic circulation, which connects the cyclonic gyre in Prydz Bay with the ocean circulation
beneath the ice shelf. This pressure gradient (from east to west) is strongest in spring, between September
and January (Figure 3d), and it implies an inflow in the eastern flank of the ice shelf front, which is observed
in the velocity time series (Figure 7d-7f).

The high-frequency variability is discussed on the basis of rotary spectra and wavelet analyses. The rotary
spectra per mooring are consistent in depth and only one depth is shown per mooring in Figure 9. Rotary
spectra decompose complex time series (z = u + iv) into clockwise (S~) and counter-clockwise (S*) compo-
nents that can be used to isolate features such as mesoscale eddies, inertial oscillations and some types of
waves. There is a tendency for higher energy, concentrated in the 4-10 day bands, toward the west of the
ice shelf front (Figure 9), with the exception of PBM5 where the current meter is located near the ocean
bed. Across all moorings, high energy is concentrated in the 4-10 day frequency, where clockwise rotations
(S™, Figure 9, red line) are more frequent than counter-clockwise rotations (S™, Figure 9, black line), with the
exception of PBM3. These results suggest that mesoscale eddies dominate the high-frequency variability
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Figure 8. Time series of the along-shelf front velocity component in the western moorings (a) PBM4, (b) PBM5, (c) PBM6, and (d) PBM7. As
in Figures 7a-7c. Same as Figures 8a-8d for the across-shelf front velocity component in the western moorings (e) PBM4, (f) PBM5, (g)
PBM6, and (h) PBM?7.

observed in the velocity across the ice shelf front. When there is an equal partition of energy between the
S~ and S components, the presence of rectilinear-like movements dominate. Such spectra are characteris-
tic of the ocean currents near the ocean bed along the ice shelf front (not shown), and can be caused by
topographic waves.

In order to illustrate the temporal variation of the spectrum, wavelet analysis was used, following Grinsted
et al. [2004]. Wavelet analysis enables us to study nonstationary signals, in which the amplitudes of the fre-
guency components of the signal are changing over time. Similar energy peaks are observed in both com-
ponents of the velocity and thus, only the wavelet of the across-shelf component of the velocity is shown
(Figure 10).
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Figure 8. (continued)

On the eastern flank of the ice shelf front, the flow is highly energetic at a range of periods during the aus-
tral summer, followed by a low-energy period during the austral winter. This transition from high to low
energy is supported by a change in the variance also from high to low variance (Figures 10a and 10b, top).
Between March and the end of July, significant high-energy periods occur between 2 and 10 days (Figures
10a and 10b). The end of this high-energy period coincides with the onset of the gradual salinity increase
due to sea ice formation (Figures 5a-5c).

On the western flank of the ice shelf front, the flow is highly energetic at a range of periods during the aus-
tral winter. The periods at which the energy field is significant range from 3 to 8 days (Figures 10c and 10d).
The period of significant energy peaks occurs concurrently to the period when the water column is com-
pletely unstratified (Figures 5h, 10¢c, and 10d) due to deep convection driven by the Mackenzie polynya. Bar-
oclinic eddies are the most likely explanation for this high-energy field and will be discussed further in
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Figure 9. Variance-preserving rotary spectra of the velocity field (filtered to periods lower than 3 days) for PBM 1-7. The clockwise (S™)
and counter-clockwise (S*) components of the spectra are shown in red and black lines, respectively. Note that the scales are different.

section 4.2. The significant energy peak at periods from 10 to 42 days occurs at various points of the year,
which may be explained by barothopic Rossby waves [Jensen et al., 2013].

4. Discussion

4.1. DSW Production and ISW Variability

The outflow of ISW limits the efficiency of the Mackenzie polynya to form DSW and affects the final DSW
temperature and salinity. Generally, sea ice formation is followed by a gradual increase in ocean salinity due
to brine rejection. In Prydz Bay, sea ice generally starts forming in March [Massom et al., 2013]. However, a
gradual increase in salinity occurs 2-4 months later in our moorings (Figures 4d—4f and 5e-5h). We contend
that this delay in the salinity increase is due to the outflow of ISW on the western flank of the ice shelf front,
where ISW mixes with the water column above during the formation of DSW by the Mackenzie polynya.
Only when the ISW outflow weakens (or is diverted away from the mooring location), are the effects of
brine in the densification of the water column through deep convection able to reach deeper into the water
column (e.g., Figure 5h). This process results in a DSW with potential temperature ranging between —1.9
and —1.95°C, slightly below the surface freezing point of —1.89°C. The effect of ISW interacting with a poly-
nya during DSW formation has also been observed in the Mertz Glacier polynya [Williams et al., 2008] ,
resulting in a pause in the densification of the water column.

Two types of ISW have been identified beneath the Amery Ice Shelf as a result of different source waters
and mixing processes beneath the shelf. In the northeastern flank of the ice shelf cavity, mCDW forms a
fresher type of ISW (S ~ 34.25) [Herraiz-Borreguero et al., 2015]. However, the outflow of the fresher type of
ISW is not captured by our mooring array, likely due to the recirculation of the ISW into the cavity as it mixes
with the saltier type of ISW or outflow at shallower depths than the mooring instruments (<350 m). DSW is
the source water for the saltier type of ISW (S > 34.4), which occupies most of the ice shelf cavity [Herraiz-
Borreguero et al., 2013, 2014]. This ISW is captured almost entirely by the western mooring array.

In 0-S space, the slope of a straight line describes the evolution of the mixing between glacial meltwater and the
ambient ocean beneath the ice shelf to form ISW. This line is known as the melt-freeze line or Gade line [Gade,
1979]. To the first order, ISW properties depend on the 0-S of the source water mass that produced it, and are
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[Torrence and Compo, 1998].

almost independent of entrainment and melt rates [Nast and Foldvik, 1994]. Thus, further mixing of ISW with its
source water has little or no effect on the AG/AS relationship described by the Gade line. The mixing of ISW with
the locally formed DSW follows the Gade line (Figure 11), suggesting that the source waters for the outflowing
ISW is indeed the locally formed DSW. This is consistent with the results presented by previous observational
[Herraiz-Borreguero et al.,, 2013] and modeling [Williams et al., 2001; Galton-Fenzi et al,, 2012] studies.

We have detected the presence of frazil ice in the ISW outflow during the austral winter. The presence of fra-
zil ice within the western ISW plume has been previously observed at the AIS front during summer [Penrose
et al., 1994]. Frazil ice suspended within an ISW plume has also been observed in other regions around Ant-
arctica, such as the Filchner Trough in the southern Weddell Sea [e.g. Dieckmann et al., 1986] and McMurdo
Sound in the Ross Sea [e.g. Leonard et al., 2006]. We have shown that the presence of frazil ice suspended
within the supercooled ISW using the ADCP target strength signal (Figure 5a), which outflows the Amery Ice
Shelf cavity between May and August (Figures 5a-5d). This supercooled ISW (—2.22°C, 34.43) is observed at
~350 m at PBM4 and PBM7 (Figures 5a and 5d). The degree of supercooling can give a rough indication of
the minimum depth at which this ISW was formed. Assuming that this water was formed at an in situ freez-
ing temperature of —2.22°C, and was transported adiabatically to 350 dbar, then it must have originated
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Figure 11. Seasonal temperature and salinity diagrams at PBM7 during (a) February, (b) April, (c) June, and (d) September in 2001, together
with data measured at borehole AMO1 in 2002 in blue squares. Color coding follows the same coding as Figure 5. Two almost horizontal
dashed lines show the temperature at the surface (0 ~ —1.89°C) and 370 dbar (0 ~ —2.2) freezing point. The grey dashed line shows the
melt-freeze line or Gade line.

from a depth of at least 430 dbar (at P = 350 dbar, S = 34.43, T = —2.22°C). This depth is found at the ice
shelf base in borehole AMO1, about 100 km south of the calving front (Figure 1). The 6-S properties of the
ISW at AMO1 and the supercooled ISW outflowing the Amery Ice Shelf cavity are identical (Figure 11c).

The Mackenzie polynya is the primary source of DSW to the ice shelf cavity. So far we have focused on DSW
formation within the western flank of the calving front, however, DSW is also observed in the deepest layers
(>600 m) in the east, in particular at PBM3. Here DSW with temperature between the surface freezing tem-
perature and —1.8°C (with no significant change in salinity) is observed from March to October (Figures 4c
and 4f). From October onward, DSW temperatures drop below the surface freezing point and the salinity
gradually increases until ~December (Figure 5c). This low temperature results from the mixing between
ISW and locally formed DSW within the Mackenzie polynya (Figure 11), suggesting that the DSW observed
in the east is likely supplied primarily from the Mackenzie polynya. The Barrier polynya, in the northeast of
Prydz Bay, likely supplies additional DSW to Prydz Bay. However, the densest DSW of the Barrier polynya is
blocked from traveling south by the Four Ladies Bank, and DSW < 300 m is likely to mix across and flow
toward the Amery Ice Shelf front (G. D. Williams, personal communication, 2016).

4.2. Ocean Current Variability and Deep Convection Processes

In some ice shelf cavities, tidal forcing is a significant source of energy for mixing, capable of altering the
transfer of heat and salt in the ice shelf cavity, and consequently the mean thermohaline circulation [e.g.,
MacAyeal, 1984; Makinson and Nicholls, 1999]. Beneath the Amery Ice Shelf, tidal forcing and the induced
vertical mixing are found to be too weak to destroy the stratification [Hemer et al., 2006], in contrast to other
large ice shelves like, e.g., the Ronne-Filchner where tidal mixing is known to be significant [e.g., Makinson
et al., 2011]. For this reason, we focus on periods longer than 2 days.

The flow along the ice shelf front is best described as an eddy-rich flow, superimposed in the large-scale circu-
lation. As previously shown, the decomposition of the velocity into axes of maximum (and minimum)
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variability shows ellipses with a small eccentricity, suggesting the presence of eddies and/or coastally trapped
waves in the flow (Figure 6a). The frequency and wavelet analyses also show that most of the energy is found
at the frequency ranges occupied by eddies and coastally trapped waves (Figures 10c and 10d). Our results
are consistent with summertime hydrographic/ADCP observations that revealed an eddy-rich flow field along
the Amery Ice Shelf calving front affecting the whole water column [Shanahan, 2002]. In addition, the wavelet
analysis allows us to distinguish any seasonality and spatial differences in the energy field between the east
and west flanks of the ice shelf front, and in particular, the role of the McKenzie polynya.

While in the east, the variability in the flow is likely to be dominated by the interaction of the coastal current
with the ice shelf front, in the west the variability in the flow is dominated by the deep convection driven
by the McKenzie polynya. In regional scales, conservation of potential vorticity causes the flow to follow
contours of constant depth. Thus, the ice shelf constitutes a barrier for the flow to enter the ice shelf cavity
[Grosfeld et al., 1997]. In the east, the high-energy period is likely a reflection of the coastal current response
to the ice shelf front, and any seasonal change in the location of the current with respect to the ice shelf
front. A recent modeling study suggests that the Prydz Bay gyre reduces its intensity during the austral win-
ter [Galton-Fenzi, 2009] and in fact, its southern edge migrates north [see Galton-Fenzi, 2009, Figure 6.14]. In
contrast, in the west, the most energetic motions occur between July and November when katabatic winds
remove sea ice from the area as it forms, keeping the temperatures of the ocean surface around the freez-
ing point (~—1.89°C). Large oceanic heat loss within the polynya results in deep convection and deep
mixed layer of up to 1100 m thick at the location of PBM7, with temperature near-surface freezing point
and salinity larger than 34.60 (Figures 5d and 5h, respectively).

Vertical buoyancy transfer by upright convection can give way to slantwise transfer by baroclinic instabilities
laterally exchanging fluid with the surroundings of the convection area [Marshall and Schott, 1999]. The mixed
patches of fluid move away from the convection area via mesoscale eddies that form once the baroclinic
instabilities dominate the convection process. Baroclinic instabilities/eddies have been claimed to be responsi-
ble for the inflow of DSW into ice shelf cavities at periods of 5-7 days [e.g., Arthun et al,, 2013; Herraiz-Borre-
guero et al.,, 2013]. These eddies are clearly captured by the wavelet analyses of the western moorings at
periods between 3 and 8 days (Figures 10c and 10d). The period of significant energy peaks (between July
and November) occurs concurrently with the period when the water column is completely unstratified (e.g.,
Figure 5h). Mooring PBM7, in contrast to the other western moorings, shows no significant peak of energy
during active convection in the upper layers but it is observed at the deepest current meter (not shown).
PBM3 is the only eastern mooring that shows a similar winter energy peak signal as the western moorings at
depths shallower than 500 m, highlighting the far-reaching influence of the Mackenzie polynya.

4.3. Basal Melt Rates Estimates
Now that we have identified the main processes and water masses interacting with the Amery Ice Shelf, we
can calculate the heat flux into the ice shelf cavity and consequently, estimate the basal melt rate.

The ocean circulation below the Amery Ice Shelf is composed of two well-defined modes of circulation [Her-
raiz-Borreguero et al., 2015]. In the western subice shelf cavity, the first mode comprises the ice-pump circu-
lation through the inflow of DSW, basal melt in the deepest part of the grounding line and, the formation of
ISW [Galton-Fenzi et al., 2012; Herraiz-Borreguero et al., 2013] and a marine ice layer [Fricker et al., 2001]. In
the eastern subice shelf cavity, the second mode comprises the inflow of mCDW at intermediate depths
and the formation of a fresher type of ISW [Herraiz-Borreguero et al., 2015]. This mode affects the outer east-
ern flank of the Amery Ice Shelf and works in conjunction with the dominant DSW-mode (this one taking
over when the inflow of mCDW is exhausted). The third mode depicted at the calving front occurs along
the ice shelf front. Note that this depiction of the sub ice shelf circulation does not exclude zonal flows, but
highlights the zonal contrast in the interaction of the ocean with the Amery Ice Shelf, which we also
observed along the ice shelf front. This regional pattern in basal melt and freezing is in agreement with
satellite-based studies [Wen et al., 2010], and modeling studies [Williams et al., 2001; Galton-Fenzi et al.,
2012]. However, the inflow of warm mCDW has not been realistically simulated yet.

We begin by estimating the transport of the different water masses (DSW, ISW and mCDW) through the array
of moorings. We calculate these transports by multiplying the across-shelf component of current velocity by
the area of a vertical section centered around each of the current meters on the PBM moorings. The typical
width of these sections is 34 km, and the typical height is 100 m. The choice of area is likely to introduce
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some errors in the transport calculations given
the eddy/jet-like structure of the horizontal veloc-

Net Basal  Net Basal Mass ity at the ice shelf front [Shanahan, 2002].
Study Melt (myr™")  Loss (Gtyr™")

Table 2. Summary of the Most Recent Estimates of Net Basal Melt
Beneath the Amery Ice Shelf

The presence of eddies and topographic waves

f o a4 + . . .
Th'::;;"goﬁ 5"]’:{)"”2 Baliegleld 0L TAEBE can also impact our transport estimates if they
Depoorter et al. [2013]° 065 = 035 39+ 21 are not well resolved. Overall the strength and
Rignot et al. [2013]° . 058 +04 355+22 mean life span of eddies that enter the cavity is
Galton-Fenzi et al. [2012] 0.74 456
e BT 05012 277 currently unknown. We‘present t'ransport values
Wen et al. [2010]° 0.84+0.12 464+ 69 of the water masses estimated with a 7 day low-
a ) pass Butterworth filter, to minimize the effect of
Oceanographic study. R
PHas been adjusted to give a net basal melt estimate in m/yr these features, as most of the energy and vari-
over the whole ice shelf area. ability of the horizontal velocities occupy periods

33232:.?\ ggicsihzt;dy' lower than 7 days (Figure 9).

The observations of temperature and salinity
were used to estimate the net heat and freshwater exchange between the ocean cavity beneath the Amery
Ice Shelf and the ocean. We use this transport value to estimate the net basal melt rate from heat exchange

(mpy) and from freshwater exchange (mgy) as follows:

my :Fpsw(oin - 00ut)csw [L+Csw (Oour - Of) +Ci(0f - Oice)] - (1
Mew = FPSW (S/’n _Sout) (2)
Sout

where F is the flux of DSW into the ice shelf cavity (0.52 + 0.38 Sv; 1 Sv=10°m? s "), p,,, is ocean density
(1027 kg m ), ¢, is the ocean heat capacity (4000 J kg~'°C™"), 6;, and S, are the temperature and salinity
of the DSW (—1.92°C and 34.53, respectively), 0., and S, are the temperature and salinity of the ISW
(—2.09°C and 34.45, respectively), ¢; is the ice heat capacity (2090 J kg™ ' °C™"), 0y is the freezing tempera-
ture (at 800 dbar and a salinity of 34.53), 0, is the temperature of the basal ice (here we use the tempera-
ture of the glacial ice, —15°C, measured from a thermistor cable at AMO1 [Herraiz-Borreguero et al., 2013],
and L is the latent heat of ice (334,000 J kg™ "). The 0 and S of the DSW were chosen to be representative of
the values observed within the ice shelf cavity, at boreholes AM06 and AMO3 (Figure 1), which are 160-
210 km into the ice shelf cavity, respectively. These values represent the DSW properties within the DSW
path in the cavity toward the deep grounding line. In the case of ISW, we have chosen the mean values
measured for an ISW with temperature lower than —2°C. Below this temperature, ISW properties show low
variability (e.g., Figure 5a, orange line) and we believe this value represents the purest ISW outflowing the
ocean cavity and minimizes the effect of mixing driven by the polynya with the ambient water.

An inflow of DSW of 0.52 + 0.38 Sv yields a net basal melt of 33.5 + 24.4 Gt yr™ . If this was evenly distrib-
uted under the ice shelf area (60,000 km?) and using the density of ice (920 kg m ), it would amount to an
average basal melt rate of 0.6 + 0.4 m ice yr~'. Using the salt budget equation, the inflow of DSW vyields a
net basal melt of 39.1 + 28.6 Gt yr~' (equivalent to 0.7 = 0.5 m ice yr'). These two estimates are consistent
within the uncertainty. If we add the basal melt estimate driven by mCDW (based on heat) of 23.9 = 6.52 Gt
yr~ ', over a limited area near the ice shelf front [Herraiz-Borreguero et al., 2015], the net basal melt estimate
beneath the Amery Ice Shelf adds up to 57.4 = 253 Gtyr .

Several studies have provided net basal melt estimates for the Amery Ice Shelf (Table 2) using glaciological,
oceanographic, and modeling approaches. Wong et al. [1998] provided net basal melt estimates using
oceanographic observations in Prydz Bay, however, the data used for their study have been deemed biased
due to instrumental malfunction [Bindoff et al., 2003], and it is not reported in Table 2. Glaciological studies
(Table 2) provide a wide range of net basal melt estimates of 27 + 7 to 46.5 = 6.9 Gt yr~ ', with the most
recent regional ocean model estimate (45.6 Gt yr~') [Galton-Fenzi et al., 2012] lying well within the uncer-
tainty of the glaciological estimates. Our ice shelf basal melt estimates are within the largest estimates pro-
vided previously by several studies.

Large inter-annual variability in mCDW and DSW inflows may explain the large basal estimate we have esti-
mated. Heat content associated with mCDW inflows observed ~80 km inward from the ice shelf front
showed large inter-annual variability in the ocean heat content, e.g., +40% in 2001-2002 compared to heat
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content in 2004-2005 [Herraiz-Borreguero et al., 2015]. Together with our higher values for basal melting
compared to previous studies suggests stronger inter-annual variability than previously acknowledged.

5. Conclusions

The two main water masses that drive basal melt under the Antarctic ice shelves are Dense Shelf Water
(DSW) and modified Circumpolar Deep Water (mCDW), yet it remains unclear what controls the inflow of
these waters into ice shelves cavities.

Here we have shown that for the Amery Ice Shelf, the Mackenzie polynya controls the seasonal exchange of
dense waters into the ice shelf cavity, through: (1) setting up a horizontal density gradient between Septem-
ber and January, which favors inflow on the eastern flank of the ice shelf front, and (2) by forming baroclinic
instabilities (during deep convection), which carry DSW into the cavity. The ice shelf is a dynamical barrier
for ocean currents to enter the ice shelf cavity. MCDW inflow is likely controlled by how the eastern coastal
current adjusts to a sudden change in water column due to the presence of the ice shelf front.

The contribution of the Amery Ice Shelf-ocean interaction to the formation of Antarctic Bottom Water has
been a motive for discussion for over a decade. Our results reveal the role of the ISW in controlling the for-
mation rate and thermohaline properties of DSW. The ISW outflow, thus, may influence the contribution of
DSW to Cape Darnley Bottom Water [Ohshima et al., 2013], and consequently, its inter-annual variability
[Couldrey et al., 2013].

In summary, we provide a comprehensive estimate of net basal melt (57.4 + 25.3 Gt yr ') of the Amery Ice
Shelf based on oceanographic measurements. Our estimate lies above previous basal melt estimates, based
on model and glaciological results which ranged between 27 + 7 and 46.5 + 6.9 Gt yr '. The observed
inter-annual variability in mCDW heat content beneath the Amery Ice Shelf together with our higher values
for basal melting compared to previous studies suggest stronger inter-annual variability in the ocean forc-
ing than previously acknowledged.
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Erratum
In the originally published version of this article, the affiliations for L. Herraiz-Borreguero were incorrectly ordered. The affiliations have
since been corrected, and this version may be considered the authoritative version of record.
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