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Key Points: 18 

 Warm (>0°C) modified Circumpolar Deep Water is widespread on the continental 19 

shelf, overlaid by fresh Winter Water 20 

 Two deep troughs allow relatively warm water to reach the ice-shelf cavities and 21 

drive basal melt 22 

 Freshening by addition of glacial meltwater is extensive at mid-depths on the 23 

inner shelf 24 
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Abstract  38 
 39 
Warm waters flood the continental shelf on the Amundsen and Bellingshausen seas in 40 

West Antarctica, driving thinning of several outlet glaciers through rapid melting of their 41 

ice shelves. On the contrary, waters on the continental shelf in East Antarctica are cooler 42 

and ice shelves experience relatively low rates of basal melt. An exception is provided by 43 

the Totten and Moscow University ice shelves on the Sabrina Coast, where basal melt 44 

rates are comparable to West Antarctica. Recent oceanographic observations have 45 

revealed that relatively warm (~-0.4°C) modified Circumpolar Deep Water (mCDW) 46 

intrudes beneath the Totten Ice Shelf through a 1100 m trough, delivering enough heat to 47 

explain the rapid basal melt. Here we use observations from a recent summer survey to 48 

show that warm (up to 0.3°C) mCDW is widespread on the Sabrina Coast continental 49 

shelf in the bottom layer overlaid by fresh (salinity~34.3) Winter Water. Dense Shelf 50 

Water is not observed. A 1000 m trough allows water at -1.3°C to reach the Moscow 51 

University ice-shelf cavity to drive basal melt. Freshening by addition of glacial 52 

meltwater is widespread on the southern shelf at depths above 300-400 m, with peaks in 53 

meltwater concentrations up to 4-5 ml l-1 concentrated in fresh outflows from the ice-shelf 54 

cavities. Our observations indicate that the ocean properties on the Sabrina Coast more 55 

resemble those found on the continental shelf of West Antarctica than those typical of 56 

East Antarctica. 57 

 58 
 59 
  60 



1. Introduction 61 

  The Antarctic Ice Sheet flows toward the coast through several outlet glaciers. 62 

Floating ice shelves form where an outlet glacier reaches the ocean. Back stresses 63 

produced by flowing ice shelves along side-walls and topographic rises can restrain 64 

(“buttress”) the glacial flow into the ocean   [Dupont and Alley, 2005]. A thinning or 65 

collapse of the buttressing ice shelves would reduce the restraint on the glacial flow, 66 

increasing the ice discharge into the ocean. Accelaration during the last few decades in 67 

the flow of some of the outlet glaciers has led to a dramatic increase in Antarctic ice loss, 68 

with most of the ice discharge occurring along the coast of the Amundsen and 69 

Bellingshausen seas in West Antarctica [Rignot et al., 2008; Harig and Simons, 2015; 70 

Wouters et al., 2015]. Here, the ice loss has been primarily attributed to thinning of the 71 

buttressing ice shelves as a result of rapid basal melt by ocean heat flux [Shepherd et al., 72 

2004; Pritchard et al., 2012]. 73 

The ocean heat flux in West Antarctica is associated with intrusions of warm (>0 74 

C), salty (>34.5) and slightly modified Circumpolar Deep Water (mCDW) onto the 75 

continental shelf. This warm water fills the bottom layer and is able to access the cavity 76 

of several ice shelves to drive rapid basal melt [Jenkins and Jacobs, 2008; Jacobs et al., 77 

2011; Dutrieux et al., 2014; Jacobs et al., 2013]. Winter convection does not extend to 78 

sufficient depth to destratify the water column and erode the mCDW in these regions, 79 

resulting in a shallow mixed layer overlying the warm mCDW [Petty et al., 2013].  80 



 81 
 82 

Figure1. Map of the survey area. Overlaid is the bathymetry and the coastline [Bedmap2, 83 

Fretwell et al., 2013]. Bathymetry from geophysical data beneath the Totten Ice Shelf 84 

(TIS) is included [Greenbaum et al., 2015]. Red, green and blue dots indicate the stations 85 

collected in the Dalton Polynya (DP), in proximity to the Moscow University Ice Shelf 86 

(MUIS) and TIS calving fronts, respectively. The location of stations 82 and 83 from 87 

BROKE are shown in dark green, while station 8 from SIPEX is shown in black. The 88 

dashed area indicates the inland cavity identified by Greenbaum et al. [2015], while the 89 

Totten Trough is highlighted near station 35 and 36. The dashed white area north of the 90 

MUIS is the Dalton Iceberg Tongue, a combination of grounded icebergs and fast ice. 91 

The black lines highlight the two transects shown in Figure 2 and 3. The dashed line 92 

indicates the approximate eastern boundary of the area covered by sea ice. Stations 93 

shown in Figure 5-6-8-10-11 are labelled. In the inset on the upper-left corner is a 94 

MODIS [Scambos et al., 1996] image (22 January 2015) with coastline overlaid. Light 95 

blue squares are the location of the moorings, while the brown line is the 2000 m isobath 96 

which shows the approximate location of the contintental slope. 97 

 98 

 99 

 In many other parts of Antarctica, active coastal polynyas drive strong convection 100 

in winter. Polynyas are regions of enhanced sea-ice formation, where water masses are 101 

transformed by local processes such as atmospheric cooling, wind stress and brine 102 

rejection. In the strongest polynyas, the wintertime convection from sea-ice formation is 103 



sufficient to overturn the entire water column to produce cold (~ surface freezing point) 104 

and saline (> 34.5) Dense Shelf Water (DSW). Because of its high density, DSW sinks to 105 

the bottom mixing with other water masses including, if present, mCDW. Examples of 106 

strong polynyas are found in the Ross Sea [Jacobs et al., 1970], in the Weddell Sea [Gill, 107 

1973] and in several areas in East Antarctica, such as the Adélie Coast [Rintoul, 1998], 108 

Vincennes Bay [Kitade et al., 2014] and Prydz Bay/Cape Darnley [Williams et al., 2016; 109 

Ohshima et al., 2013]. DSW formed in these regions overflows the shelf break and 110 

cascades down the slope, mixing with ambient water to form Antarctic Bottom Water, 111 

thus contributing to the global overturning circulation [Johnson, 2008; Marshall and 112 

Speer, 2012]. Part of the DSW produced in these polynyas is able to access the cavities of 113 

nearby ice shelves. Since the continental shelf usually gets deeper toward the   grounding 114 

line of an ice shelf, DSW is steered along isobaths to reach the deepest areas near the 115 

grounding line [Jacobs et al., 1992]. The depression of the seawater freezing point with 116 

increasing pressure, ~ 0.75C every 1000 dbar [Foldvik and Kvinge, 1974], implies that 117 

the DSW is warmer than the local freezing point and therefore able to melt the base of the 118 

ice shelf near deep grounding lines.  119 

 East Antarctic ice shelves located in regions where cold DSW is formed (e.g. the 120 

Mertz Glacier Tongue on the Adélie Coast or the Amery Ice Shelf in Prydz Bay) 121 

experience low area-averaged rates of basal melt (< 2 m year-1) compared to the 122 

Amundsen and Bellingshausen seas (> 10 m year-1) [Rignot et al., 2013; Depoorter et al., 123 

2013; Liu et al., 2015]. However, an exception is provided by ice shelves located on the 124 

Sabrina Coast, namely the Totten and Moscow University ice shelves (TIS and MUIS, 125 

respectively, Figure 1), which show rates of basal melt comparable with those observed 126 



in the Amundsen and Bellingshausen seas.  127 

TIS and MUIS represent the floating end of the Totten and Moscow University 128 

glaciers, respectively. These glaciers drain a large sector of the marine-based Aurora 129 

Subglacial Basin and their stability is crucial for the future Antarctic contribution to the 130 

global sea level due to the large amount of ice stored in this sector of the East Antarctic 131 

Ice Sheet [Sun et al., 2016]. The Totten Glacier alone drains a volume of ice equivalent to 132 

3.5 m of sea-level rise, an amount similar to the entire West Antarctic Ice Sheet 133 

[Greenbaum et al., 2015]. Two recent studies show that the grounded part of the Totten 134 

Glacier has experienced sustained mass loss (6.8±2.4 Gt yr-1) and thinning (0.7±0.1 m yr-135 

1) during the past two decades [Li et al., 2015; Li et al., 2016]. Satellite estimates suggest 136 

that the TIS has experienced periods of thinning and thickening, with no significant trend 137 

during the past 20 years [Paolo et al., 2015]. Ocean modelling studies suggest that 138 

mCDW is able to access the TIS cavity to drive rapid basal melt [Khazendar et al., 2013; 139 

Gwyther et al., 2014]. Their results indicate that the thermal forcing of such intrusions is 140 

tightly linked to the activity of the Dalton Polynya (DP) east of the TIS (Figure 1). When 141 

sea-ice production is higher than the average, cold water formed in the polynya mixes 142 

with the mCDW that intrudes onto the continental shelf weakening its properties. When 143 

the production is lower, mCDW reaches the TIS cavity in a less modified form and drives 144 

more basal melt, possibly triggering a thinning of the Totten Glacier.  145 

A snapshot of the oceanographic conditions observed during the austral summer 146 

of 2015 at the calving front of the TIS indicates that a deep trough, the Totten Trough 147 

(see Figure 1), allows relatively warm (~-0.4°C) mCDW to reach the cavity [Rintoul et 148 

al., 2016]. The associated heat flux is sufficient to sustain a basal melt rate over 10 m yr-149 



1, in agreement with satellite observations [Rignot et al., 2013; Depoorter et al., 2013; 150 

Liu et al., 2015]. Other measurements collected on the outer continental shelf show the 151 

presence of warm mCDW near the seafloor in summer and late winter below 400-500 m, 152 

and no evidence of DSW [Bindoff et al., 2000; Williams et al., 2011]. However, it is not 153 

known whether polynya activity is sufficient to form DSW and/or modify the properties 154 

of the mCDW. 155 

Here we use an extended dataset to that described in Rintoul et al. [2016]. We 156 

show that mCDW is widespread on the continental shelf at depths below 500 m. Fresh 157 

(salinity  34.3) Winter Water overlies the saline mCDW. We also provide evidence that 158 

deep and relatively warm water is the main source of basal melt not only of the TIS, as 159 

shown in Rintoul et al. [2016], but also of the MUIS. Buoyant and fresh outflows driven 160 

by basal melt are found along the TIS and MUIS calving fronts. Freshening by addition 161 

of glacial meltwater is not restriced to these outflows, where the meltwater concentrations 162 

rises to 4-5 ml l-1, but is widespread on the southern shelf at depths shallower than 300-163 

400 m. Finally, a comparison with other shelves around Antarctica shows that ocean 164 

properties on the Sabrina Coast (fresh Winter Water overlying warm mCDW, absence of 165 

DSW, and substantial input of glacial meltwater) are more similar to those found in West 166 

Antarctica than conditions typical of East Antarctica.  167 

 168 

 169 

 170 

 171 

 172 



2. Data 173 

  A survey was conducted on the inner shelf of the Sabrina Coast (115°E – 125°E) 174 

on the RV Aurora Australis (AU1402) between December 23 2014 and January 6 2015 175 

(Figure 1). We show the results from the analysis of 81 CTD stations collected during 176 

this expedition (Figure 1).   CTD data include continuous profiles of temperature (°C), 177 

salinity (PSS78), pressure (dbar) and dissolved oxygen (mol l-1). Data were vertically 178 

averaged in 2-dbar bins with calibration performed using bottle samples [Rosenberg and 179 

Rintoul, 2016]. Uncertainties on the measurements of temperature, salinity and pressure 180 

are  0.001°C, 0.002 (PSS78) and 1 dbar, respectively. The relative uncertainty on the 181 

dissolved oxygen data is  1%.  Temperature and salinity data from a year-long mooring 182 

deployment on the shelf (see the inset in Figure 1 for location) indicate decorrelation time 183 

scales of about 30 days on average, with minimum values exceeding two weeks, 184 

confirming the synopticity of the survey. 185 

In our analysis we include data collected in two previous surveys on the 186 

continental shelf of the Sabrina Coast. Two CTD stations were occupied in austral 187 

summer 1996 during BROKE (Baseline Research on Oceanography Krill and the 188 

Environment) [Bindoff et al., 2000] (Figure 1). Temperature from a single ice station in 189 

late winter 2007 during SIPEX (Sea Ice Physics and Ecosystem eXperiment) is also used 190 

[Williams et al., 2011] (Figure 1). Measurements of temperature, salinity and dissolved 191 

oxygen from the Adélie Coast in East Antarctica and from Pine Island Bay in West 192 

Antarctica are also discussed in our work. Data from the Adélie Coast were collected 193 

during the AU1402 voyage after the survey of the Sabrina Coast, while measurements 194 

from Pine Island Bay were collected in austral summer 2009 [Jacobs et al., 2011]. 195 



3. Results 196 

3.1. Water Mass Classification 197 

A meridional section in the DP reveals four water masses present on the shelf 198 

(Figure 2). Relatively warm and salty mCDW is found near the sea floor. The  = 27.7 199 

kg m-3 isopycnal is chosen to define the upper boundary of mCDW. (As neutral density is 200 

not well defined in regions where few data are available, as on the continental shelf of the 201 

Sabrina Coast, we use surfaces of potential density anomaly referenced to the surface, , 202 

to define different layers). The mCDW is the densest water mass found on the shelf 203 

during the survey; no DSW was observed. 204 

A homogeneous layer of remnant Winter Water (WW), a product of wintertime 205 

convection, lies above the mCDW. The WW temperature is close to the surface freezing 206 

point (~-1.8C). A thin, warmer summer surface layer of Antarctic Surface Water 207 

(AASW) overlies the WW. The  = 27.55 kg m-3 surface appears to be a reasonable 208 

boundary between WW and AASW (Figure 2). However, in order to capture the water 209 

mass that is the product of winter convection, excluding water from the seasonal and 210 

main pycnocline, we restrict our definition of WW to subsurface water in the  range 211 

27.55 to 27.7 kg m-3 and potential temperature range -1.75 to -1.92C.     212 

 213 



 214 
Figure 2. Meridional Section. (a) Potential temperature , (b) salinity, (c) potential 215 

density  and (d) dissolved oxygen section from the meridional transect through the 216 

Dalton Polynya shown in Figure 1 and highlighted in the lateral inset (the dashed black 217 

line is the approximate eastern boundary of the area covered by sea ice). CTD stations are 218 

indicated by the vertical dashed lines (numbered along the top of the plot). In panel (a) 219 

contours of  are included in black as well as the contour of  = -1.92°C (Ice Shelf 220 

Water) in dashed white, while the black dashed lines indicate the top and the bottom of 221 

the Winter Water (WW) layer. The modified Circumpolar Deep Water (mCDW) is found 222 

below the contour of  = 27.7 kg m-3 (dashed black line in the panel (b) and (c)) and the 223 

Antarctic Surface Water (AASW) above the contour of  = 27.55 kg m-3.  224 

 225 



The last water mass found during the survey is Ice Shelf Water (ISW), which 226 

results from mixing between glacial meltwater from ice-shelf basal melt and ambient 227 

shelf water masses. ISW is distinguished by the other water masses because its 228 

temperature is significantly colder than the surface freezing point, due to the influence of 229 

basal melting at depth. We define ISW as water colder than -1.92C, which corresponds 230 

roughly to the local subsurface freezing point at 50 dbar; it is unlikely that water colder 231 

than this value is the result of the interaction with the atmosphere during the winter [Orsi 232 

and Wiederwohl, 2009]. ISW is found near the coast (see Figure 2) in the same density 233 

range as the WW (27.55 kg m-3 <  < 27.7 kg m-3). The classification of the relevant 234 

water masses found on the shelf of Sabrina Coast is summarized in Table 1. 235 

 236 

Table 1: Classification of the water masses 237 

Water Mass  (kg m-3)  (C) 

AASW  < 27.55  

WW 27.55 <  < 27.7            -1.92 <  < -1.75 

ISW  27.55 <   < 27.7                       < -1.92  

mCDW   > 27.7                      

 238 



 239 

Figure 3. Zonal Section. As in Figure 2 but for the zonal transect shown in Figure 1 and 240 

in the lateral inset. 241 

 242 

 243 

3.2. Spatial Variability  244 

 We divide the domain into two main regions in order to analyze the spatial variability 245 

of the water properties: the DP (red points in Figure 1) and the ice front, which includes 246 

the stations closest to the TIS and MUIS calving front (blue and green points in Figure 1, 247 

respectively). A recent airborne survey revealed the presence of an inland inland trough 248 

that connects the main trunk of the TIS with the adjacent fringing ice shelf (dashed area 249 



in Figure 1) [Greenbaum et al., 2015]. In order to include this cavity in the definition of 250 

the TIS, we extend the eastern boundary of this ice shelf to 118  E. We define the 251 

floating ice shelves between 118 E and 122.5 E as the MUIS.   Furthemore, for 252 

simplicity, the DP group includes stations located in sea ice west of the actual polynya 253 

and the ice-front group includes stations collected along the narrow part of the coast 254 

where the ice is grounded (between the main trunk and the subsidiary part of the MUIS, 255 

according to Bedmap2). 256 

 257 

3.2.1. Dalton Polynya 258 

Our observations show that deep mCDW is widespread on the DP and its 259 

southward spreading is steered by bathymetry. The meridional transect through the DP 260 

indicates that mCDW is found below 400-500 m across most of the section (Figure 2). 261 

However, closer to the ice front, the deepest water gets colder as the bottom shoals. Near 262 

the MUIS, the sea floor rises to about 500 m and the bottom water temperature is almost 263 

at the surface freezing point. The distribution of salinity and dissolved oxygen are closely 264 

related to potential temperature. Offshore the warmest mCDW is also the most saline and 265 

lowest in oxygen, while closer to the ice edge, the bottom water becomes fresher and 266 

higher in oxygen. A similar pattern is found in the zonal direction (Figure 3). In the 267 

south-eastern sector of the polynya, mCDW is not found in the shallow waters (< 300 m) 268 

near the coast. Moving north-westward, the temperature at the bottom increases as the 269 

bottom deepens. At station 63, where the sea floor is about 500 m deep, the mCDW 270 

signal reappears. In both transects isopycnals follow isobaths in the deep layer, implying 271 

that mCDW flows according to bathymetry. 272 



 273 

   Figure 4. Maximum Property Values. (a) Maximum potential temperature  and (b) 274 

salinity beneath the summer mixed layer. The brown line is the 2000 isobath (showing the 275 

approximate location of the continental slope) and the black dashed line the approximate 276 

eastern boundary of the area covered by sea ice. The magenta dashed lines are the mCDW 277 

southern boundary. (c) Bottom depth (dbar). 278 



 To help visualize the spreading of mCDW on the shelf, we show the spatial 279 

distribution of the warmest and saltiest water found beneath the summer mixed layer 280 

(Figure 4a and 4b). The warmest (0.3C), saltiest (34.63) and lowest oxygen (~230 mol 281 

l-1, Figure 3) mCDW is located in the western sector of the DP. In the north, the mCDW 282 

is slightly cooler and fresher. As we get closer to the coast in the DP, the bottom shoals 283 

(Figure 4c) and the deep water becomes cooler and fresher. The magenta dashed line 284 

indicates the southern boundary of the mCDW core. As expected, this boundary 285 

corresponds roughly to where the bathymetry becomes shallower than 500 m. In the DP, 286 

south of this line, the bottom layer gets progressively cooler and fresher until any trace of 287 

mCDW vanishes and the WW reaches the bottom. 288 

The mCDW layer in the polynya is characterized by strong vertical gradients: 289 

temperature and salinity increase with depth, while the oxygen content diminishes 290 

(Figure 5). The strong salinity and consequently density gradient implies that mCDW is 291 

more stable than the overlying WW (Figure 5d). The pycnocline gradient deepens from ~ 292 

400 m in the shallower northern region to ~ 600 m in the deeper water in the west, 293 

resulting in a 100-200 m thick bottom layer in both regions (Figure 2-3) with small 294 

spatial variability of the water properties (Figure 4).  295 

 296 

 297 



 298 
Figure 5. Vertical Profiles. (a) Potential temperature , (b) salinity, (c) dissolved oxygen 299 

and (d) N2 (square of the Brunt–Väisälä frequency) profiles from DP (red), MUIS (green) 300 

and TIS (blue) calving fronts. The westernmost profiles (34-35-36) are labelled, as well 301 

as station 12 where a deep trough is found at the MUIS calving front. Overlaid in black in 302 

(a) is the surface freezing temperature profile for a salinity of 34.4, representative of the 303 

domain. N2 has been smoothed with a vertical running mean over 20 dbar.  304 



 305 
Figure 6. WW Properties. (a) Mean potential temperature , (b) salinity, (c) basal 306 

meltwater fraction  of Winter Water, WW. The brown line indicates the 2000 m isobath 307 

(showing the approximate location of the continental slope) and the black, dashed line is 308 

the approximate eastern boundary of the area covered by sea ice. Note that the Ice Shelf 309 

Water is included in the WW properties. Note that when the WW upper limit does not 310 

overlap with the maximum depth where the  estimate is contaminated by surface 311 

processes, we consider the deepest among the two surfaces as the upper boundary for the 312 

vertical average. (d) Potential temperature  versus salinity from DP. The red points 313 

indicate data from all the profiles collected in the DP, while gray points (station 63 and 314 

70) are indicative of the south-eastern DP, yellow points (station 59) of the central DP 315 

and the light blue points (station 52 and 58) of the western DP. These stations are chosen 316 

along the zonal transect highlighted in (b) and in Figure 3. For the exact location of these 317 

stations see Figure 1. The grey line is the contour of  = 27.7 kg m-3 (upper boundary of 318 

mCDW) and the black line is the surface freezing point. 319 

 320 

 321 

 322 



Above the mCDW, the WW fills most of the water column, occupying a 300 to 323 

500 m thick layer, depending on the bathymetry. The WW is cold (~-1.8C), relatively 324 

fresh (salinity~34.3) and higher in oxygen (~330 mol l-1) than the underlying mCDW. 325 

In contrast to their vertical homogeneity, the WW properties show a large horizontal 326 

variability. First of all, the WW temperature near the coast is ~ 0.1C lower than in rest of 327 

the polynya (Figure 6a, note that we included both WW and ISW in order to capture the 328 

product of the interaction between ice and ocean on intermediate waters). Moreover, the 329 

WW salinity substantially decreases approaching the coast with values up to 0.05-0.06 330 

lower than in the western/northern polynya (Figure 6b). This gradual freshening is 331 

reflected in the downward tilting of isohalines and isopycnals toward the coast (clearly 332 

seen along the 34.25 isohaline, see Figure 2 and 3).  333 

The shift to cooler and fresher values near the coast is not restricted to the WW 334 

layer, but also observed in the underlying pycnocline. This behavior is clearly seen by 335 

following the properties of the pycnocline on a θ-S diagram. If for example we consider 336 

the measurements taken along the zonal transect shown in Figure 3, we can see a shift of 337 

the pycnocline (mCDW-WW mixing line) toward the bottom left (cooler and fresher) 338 

corner of the diagram approaching the coast (Figure 6d). Our results therefore show that 339 

most of the water column is affected by cooling and freshening near the coast, including 340 

at a depth of 300-400 m. 341 

Finally, the upper part of the water column is occupied by the AASW. The 342 

AASW shows strong variability across the region reflecting the absence or presence of 343 

sea ice and whether or not sea-ice melt has occurred yet. The polynya is ice free and 344 

therefore AASW is relatively warm (up to ~ -0.2C) and occupies a ~ 50 m thick layer. 345 



Outside the polynya, AASW is essentially absent and the WW layer extends to the 346 

surface. It is worth mentioning that in the northern polynya we observe a fresh (salinity < 347 

34) surface layer due to sea-ice melting that occurred in the last days of the survey 348 

(Figure 2 and 5b). This surface layer is highly stratified (N2~10-4 s-2, Figure 5d) due to the 349 

strong flux of freshwater at the surface. Because of the strong stratification, the observed 350 

freshwater input due to melting of sea ice does not affect the underlying WW. In fact the 351 

WW properties (e.g., salinity) are similar here to the western polynya, where sea-ice 352 

melting did not occur (Figure 6a and 6b). 353 

 354 

3.2.2. Ice Front 355 

 The ice-front section indicates that relatively warm (~-0.4°C), salty (~34.53) and 356 

oxygen poor (~260 mol l-1) mCDW reaches the western sector of the TIS calving front 357 

(Figure 7). Here the deep water is colder and fresher than the mCDW found in the DP, 358 

but still 2-2.2°C above the in situ freezing temperature. Direct velocity measurements 359 

from a lowered Acoustic Doppler Current Profiler (LADCP) confirm that the warm water 360 

is flowing strongly into the cavity through the Totten Trough at station 35 and 36 361 

[Rintoul et al., 2016]. Because the warm water at depth is flowing into the cavity, the 362 

interleaved layers observed at depth at station 36 (Figure 5) are a surprise. The 363 

interleaving at depth might indicate mixing with a small amount of glacial meltwater that 364 

detrains from the ice-shelf base at depth. Except for the interleaved layers, the mCDW at 365 

the western TIS front forms a relatively homogenous deep layer (Figure 5), in contrast to 366 

the well-stratified mCDW found in the DP. The homogeneity and relatively cool 367 

temperature of the mCDW at the ice front likely reflects the presence of a sill that 368 



restricts access of water warmer than - 0.4°C to the TIS cavity. 369 

Above the mCDW layer, the θ-S diagram shows that the pycnocline (mCDW-370 

WW mixing line) observed at stations 34-35-36 in the western sector of the TIS front 371 

departs substantially from the DP trend (Figure 8a). This shift toward fresher (and cooler) 372 

values is a signal of addition of freshwater. In fact, other measurements from the TIS 373 

calving front (station 41) overlap the DP trend, confirming that this shift is not due to 374 

different ambient water properties on the Sabrina Coast continental shelf, but to the 375 

addition of freshwater along the western ice front. The O-S diagram confirms the strong 376 

departure of the mCDW-WW mixing line from the ambient trend (Figure 8b).  377 

The WW at the western TIS front is fresh (~34.25), low in oxygen (~300 mol l-1) 378 

and very weakly stratified compared to the WW found elsewhere on the shelf (Figure 5), 379 

including further east along the calving front (Figure 7). The low oxygen and salinity are 380 

responsible for the bump observed in the O-S plot (Figure 8b) and reflects an outflow 381 

driven by upwelling of a mixture of glacial meltwater and mCDW from the cavity 382 

[Rintoul et al., 2016]. Further east along the TIS calving front there are no indications of 383 

any substantial fresh outflows. At the eastern TIS calving front, the deep water that can 384 

reach the inland cavity hypothesized by Greenbaum et al. [2015] is between the freezing 385 

point and -1.1°C (station 41 to 33, Figure 7), significantly colder than in the Totten 386 

Trough. Here Rintoul et al. [2016] has shown that the heat flux into the cavity is 387 

negligible compared to the Totten Trough. 388 



 389 

Figure 7. Ice-front Section. As Figure 2 but for the calving front of TIS and MUIS (blue 390 

and green dots in Figure 1, respectively). Note that the upper limit of the WW layer 391 

roughly overlaps the potential density contour of 27.55 kg m-3 and therefore is not 392 

labelled. From station 34 to 43 we use the bathymetry data collected during the voyage. 393 

East of station 43 the coverage does not provide high resolution bathymetry on a straight 394 

line between the stations and therefore only the depth at each station is used. Along the 395 

MUIS calving front, where the distances between stations are large, we do not interpolate 396 

below the deepest common depth at each station pair. The magenta dashed line indicates 397 

the approximate draft of the ice shelf near the calving front. From station 34 to station 42 398 

the draft is interpolated from airborne measurements [Greenbaum et al., 2015], while 399 

from station 43 to 15 the draft is obtained from Bedmap2 estimate of ice thickness 400 

[Fretwell et al., 2013]. East of station of 15 the ice front is grounded, according to 401 

Bedmap2. 402 



 403 

Figure 8. -S/O-S diagram. (a) Potential temperature  versus salinity and (b) dissolved 404 

oxygen versus salinity from DP (red), MUIS (green) and TIS calving fronts (blue). The 405 

cyan dashed line is the mixing line (in the -S plot also known as Gade Line) between the 406 

warmest mCDW found in front of TIS and pure glacial meltwater, while the black dashed 407 

lines indicate contours of basal meltwater fraction (ml l-1). The square boxes refer to the 408 

ambient properties used to calculate the basal meltwater fraction. The black line is the 409 

surface freezing point in (a) and the surface of saturation for water at the surface freezing 410 

point (b). The westernmost profiles (34-35-36) are labelled. The grey line in panel (a) 411 

represents the surface of  = 27.7 kg m-3 (upper boundary of mCDW). AASW = 412 

Antarctic Surface Water; ISW = Ice Shelf Water; mCDW = modified Circumpolar Deep 413 

Water; WW = Winter Water.  414 

 415 

In contrast to the TIS, the WW reaches the bottom along most of the MUIS 416 

calving front. Only one deep (~1000 m) trough at station 12 shows relatively warm (~-417 

1.3°C) and oxygen poor (~300 mol l-1) deep water (Figure 7). In the proximity of this 418 

trough the WW is replaced by ISW ( < -1.92°C) at depths shallower than the ice draft, 419 

between 100 and 400 m below the sea surface (Figure 7). The ISW is fresher (~34.25) 420 

and lower in oxygen (~320 mol l-1) than the surrounding WW (~330 mol l-1). The ISW 421 

properties are also clear in the θ-S and O-S diagram by the bumps below the surface 422 

freezing point and below the WW-mCDW mixing line trend, respectively (Figure 8). To 423 



summarize, we observe at the MUIS ice front relatively warm water at depth that can 424 

access the cavity through a deep trough, coincident with low-oxygen ISW at depths 425 

shallower than the ice draft. These findings indicate that the ISW results from basal melt 426 

driven by deep intrusions of relatively warm and low oxygen water into the MUIS cavity, 427 

similar to the TIS. Low oxygen ISW is not only found in front of the ice shelf, but along 428 

most of the coast where the ice is grounded, up to 75 km east of the deep trough located 429 

at station 12 (Figure 7).  430 

 431 

3.3. Freshwater Variability 432 

In this section we quantify the glacial meltwater concentration in the water 433 

column throughout the survey area. Glacial meltwater is produced by ice-shelf/iceberg 434 

basal melting and surface runoff. The contribution from surface runoff is negligible since 435 

summer air temperature in the interior of the East Antarctic Ice Sheet and on the Sabrina 436 

Coast is well below freezing and therefore surface melting is currently minimal [Fyke et 437 

al., 2010; Picard and Fily, 2006]. For simplicity we will refer hereafter to glacial 438 

meltwater by ice-shelf/iceberg basal melt as basal meltwater. We use the method of 439 

Jenkins [1999] to estimate the basal meltwater fraction  from potential temperature, 440 

salinity and dissolved oxygen. Estimates of  using this technique or using other tracers 441 

as neon and helium are consistent [Jenkins and Jacobs, 2008; Kim et al., 2016]. Indeed 442 

the method introduced by Jenkins [1999] has been successfully applied both at the 443 

calving front of several ice shelves [e.g. Jenkins and Jacobs, 2008; Jacobs et al., 2011] 444 

and on the continental shelf further offshore [Randall-Godwin et al., 2015].  445 



This method allows estimation of the input of basal melt assuming that the 446 

ambient water is a mixture of two water masses. In our case, we estimate the basal 447 

meltwater fraction beneath the summer mixed layer, where the ambient water is a mixture 448 

of WW and mCDW. If two conservative properties 1,2 are known,  can be calculated as 449 

follows: 450 

{
𝜓2,1 = (𝜒2−𝜒𝑚𝐶𝐷𝑊

2 ) −  (𝜒1−𝜒𝑚𝐶𝐷𝑊
1 ) (

𝜒𝑊𝑊
2 −𝜒𝑚𝐶𝐷𝑊

2

𝜒𝑊𝑊
1 −𝜒𝑚𝐶𝐷𝑊

1 )

𝜙 =
𝜓𝑜𝑏𝑠

2,1

𝜓𝑚𝑒𝑙𝑡
2,1

        [1] 451 

where ‘obs’ indicates the observed values, ‘WW’/‘mCDW’ indicates the reference values 452 

for the end members in the ambient water, and ‘melt’ indicates the properties of pure 453 

glacial meltwater. Using potential temperature, salinity and dissolved oxygen as 454 

conservative properties (), three different estimates of  can be obtained based on three 455 

possible pairs of these tracers (θ-S, θ-O and O-S). The values corresponding to the 456 

warmest, saltiest, lowest oxygen water found on the shelf (θ = 0.3C, S = 34.63 and O = 457 

230 μmol l-1) are taken as representative of the mCDW core. The WW end member ( = -458 

1.8C, S = 34.34 and O = 327 μmol l-1) is defined by the saltiest WW found in the 459 

domain [Randall-Goodwin et al., 2015].  460 

The temperature of pure glacial meltwater θmelt can be extrapolated from the so-461 

called Gade Line which describes the mixing line in θ-S space between pure glacial 462 

meltwater and the oceanic water source [Gade, 1979; Jenkins and Jacobs, 2008]:  463 

𝜃𝑚𝑒𝑙𝑡 = 𝜃𝑓 −
𝐿

𝑐𝑤
−

𝑐𝑖

𝑐𝑤
(𝜃𝑓 − 𝑇𝑖)   [2] 464 



where θf is the freezing point temperature at the ice-shelf base and depends on salinity 465 

and pressure; L is the latent heat of ice fusion (3.35 × 105 J kg-1); cW and ci are the 466 

specific heat capacity of seawater and ice (4000 and 2010 J kg-1C-1, respectively) and, Ti 467 

is the temperature of the basal ice that we assume to be -15°C. The oceanic source can be 468 

any water parcel found along the mCDW-WW mixing line. Considering a typical ice 469 

draft in TIS of 500 m [from Bedmap2, Fretwell et al., 2013] and a salinity of 34.4 470 

representative of the domain, we find that θmelt is about - 92°C, comparable to estimated 471 

values in Amundsen ice shelves [e.g., Hellmer et al., 1998; Jenkins and Jacobs, 2008]. 472 

Note that  is not very sensitive to the estimated θmelt and hence to the values of the 473 

freezing point temperature or ice temperature selected.  474 

The oxygen content of pure glacial meltwater is estimated from the empirical 475 

relation obtained by Martinerie et al. [1992] between oxygen concentration of the ice 476 

(and therefore of pure glacial meltwater) and the elevation where the ice is formed. 477 

According to this empirical law and considering that the elevation of the catchment that 478 

feeds the TIS and MUIS is around 2000 - 3000 m [Fretwell et al., 2013], we obtain a 479 

value around 900 μmol l-1 for the dissolved oxygen content of pure glacial meltwater 480 

(note that  is not particularly sensitive to this value). The mixing line between the 481 

warmest, saltiest and lowest oxygen mCDW found in front of TIS and pure glacial 482 

meltwater in θ-S (Gade Line) and O-S space is shown in Figure 8 by the cyan line. The 483 

aforementioned shifting of the pycnocline at the western TIS front toward the Gade Line 484 

supports the hypothesis that basal melt supplies a source of freshwater. 485 

Following Jenkins and Jacobs [2008], we regard O-S as the most reliable pair to 486 

calculate . When the difference between the basal meltwater fraction calculated with the 487 



other two pairs (θ-S and θ-O) is larger than 3.5 ml l-1, we disregard the calculation 488 

because it is likely affected by interaction with the atmosphere. Beneath this level, the 489 

uncertainity in the estimated  is mainly due to the deviation from linear mixing between 490 

WW and mCDW [Jenkins and Jacobs, 2008]. In order to provide a quantitative estimate 491 

of this uncertainity, we calculate the difference between  estimated as described above 492 

and  calculated considering the freshest form of WW found on the shelf (S = 34.27). We 493 

perform this calculation for every set of in situ θ, S and O. Basically we investigate the 494 

impact of a shifted mixing line on the calculation of . Although this shift is not 495 

observed, it provides an upper bound on the uncertainty, as it represents the maximum 496 

plausible departure from the observed mixing line. Neglecting negative values of , 497 

which are not physical and arise from shifting the mixing line, the average difference 498 

between the two calculations is smaller than 2 ml l-1. We then treat 2 ml l-1 as the upper 499 

bound on the uncertainty of . 500 

The basal meltwater fraction agrees well with the observed water properties 501 

(Figure 9). Where there are inflows of deep and warm water, as in the Totten Trough and 502 

in the MUIS trough at station 12, the basal meltwater content is small. On the other hand, 503 

where there are fresh outflows,  increases. The highest basal meltwater content is found 504 

in the outflow along the western TIS calving front with values up to 5 ml l-1. The ISW 505 

also has a strong meltwater signature, as expected, with maximum values of  up to 4 ml 506 

l-1. 507 

The influence of the basal meltwater input is not limited to the TIS and MUIS 508 

calving front. As noted above, the WW salinity decreases near the coast in the polynya 509 

(Figure 6b). The basal meltwater concentration shows a similar distribution (Figure 6c). 510 



The linear correlation between WW salinity and WW  is -0.87 (p < 0.001), ignoring the 511 

surface layer and values of  less than the estimated error of 2 ml l-1. The high correlation 512 

suggests the low salinity of WW in the southern polynya reflects diluition by basal 513 

meltwater. 514 

 515 

Figure 9. Basal Meltwater Fraction. Vertical section of the basal meltwater fraction  (ml 516 

l-1) in front of TIS and MUIS. The surface of  = 27.7 kg m-3 (upper boundary of 517 

mCDW) is indicated by the dashed black line, while the magenta dashed line represents 518 

the ice draft, as in Figure 7. The black line is the maximum depth where surface 519 

contamination is likely to affect the calculation of . θ = -1.92C contours (Ice Shelf 520 

Water) are in dashed white.  521 

 522 

4. Discussion 523 

Our oceanographic observations show that deep and relatively warm mCDW is 524 

widespread below 500 m on the continental shelf of the Sabrina Coast. Fresh WW 525 

overlies the saline mCDW. Therefore, during the winter prior to the survey, convection 526 

on the continental shelf and in particular in the polynya was weak and the water formed 527 

not sufficiently dense to mix with the underlying mCDW. As a consequence, the 528 



observed mCDW variability within the survey area can be explained largely in terms of 529 

bathymetry. The warmest mCDW is found in the deeper areas west of the polynya. 530 

Southward shoaling of the bottom prevented the mCDW from reaching the coast in the 531 

polynya, while relatively warm water can reach the TIS and MUIS cavity only through 532 

localized troughs. Furthermore the presence of a bathymetric barrier, such as a sill, in 533 

areas uncovered by our survey presumably prevents the warmest water found on the shelf 534 

from reaching the TIS and MUIS cavities. Excluding airborne surveys that cover only the 535 

TIS cavity and surroundings, the only available bathymetric information on the shelf of 536 

the Sabrina Coast is derived from satellite altimetry measurements [e.g., Smith and 537 

Sandwell, 1997], which do not resolve small-scale features such as sills or narrow 538 

troughs. Our results highlight the need for geological surveys able to provide high 539 

resolution bathymetry essential for modelling studies to reproduce and forecast intrusions 540 

of warm water beneath the TIS and MUIS. 541 

Deep water observed at the ice front is cooler than the mCDW observed in the 542 

polynya but still about 1C (at the MUIS) and 2C (at the TIS) above the local freezing 543 

point and therefore sufficiently warm to produce substantial basal melt at depth and 544 

outflows of glacial meltwater. Rintoul et al. [2016] concluded that the warm water 545 

intrusions beneath the TIS are responsible for the rapid basal melt inferred by satellites. 546 

Using our extended dataset we conclude that the rapid basal melt observed at the MUIS is 547 

also likely driven by deep intrusions of relatively warm water.   548 

Widespread basal meltwater in the southern DP causes the observed shoreward 549 

freshening of the water column above the mCDW. Three lines of evidence support this 550 

statement. First of all we found a strong correlation between WW salinity and WW basal 551 



meltwater fraction in the polynya. Second, we observed a shoreward freshening of the 552 

pycnocline at 300-400 m depth, explainable only by input at depth of basal meltwater. 553 

Finally, other possible sources of freshwater come from melting of sea ice, which has 554 

been shown not to affect the water column below the thin summer mixed layer, and from 555 

precipitation, which also enters the surface layer and cannot explain the observed spatial 556 

variability in such a small domain. We then conclude that the extensive presence of basal 557 

meltwater explains the freshening of WW and pycnocline waters toward the coast of the 558 

DP, similar to what observed in the Amundsen and Bellingshausen seas, where the 559 

meltwater signature at mid-depths is widespread on the continental shelf [Wahlin et al., 560 

2010; Randall-Godwin et al., 2015; Zhang et al., 2016].  561 

The widespread influence of basal meltwater on water properties in the polynya 562 

suggests there may be multiple sources. In particular, high meltwater concentrations are 563 

observed well to the east of the outflow inferred near the deep trough at station 12, 564 

whereas we would expect meltwater to be advected to the west by the coastal current. 565 

One possible source is basal melt beneath the main trunk of the MUIS that exits the 566 

cavity at the calving front east of 121.5°E and is advected west by the coastal current. 567 

Due to the complicated structure of the coast, there could even be some undetected 568 

conduits in the grounded region between the main MUIS trunk and the DP, such as a 569 

cavity, that would serve as a pathway for the meltwater. Another possible source comes 570 

from submarine melting of icebergs packed in the Dalton Iceberg Tongue (located east of 571 

the DP, see Figure 1). However, the low oxygen ISW found in the south-eastern polynya 572 

requires melting to be primarily driven by mCDW. The shallow draft (< 500 m) of the 573 

icebergs suggest that mCDW cannot reach their submerged part. Therefore we speculate 574 



that basal melt under the main trunk of the MUIS could represent a major source of the 575 

basal meltwater found in the DP. If correct, this would imply that mCDW is also able to 576 

access the cavity beneath the main and faster flowing trunk of the MUIS, as also 577 

suggested by modelling studies [Khazendar et al., 2013; Gwyther et al., 2014]. 578 

A comparison with data collected during BROKE and SIPEX reveals that 579 

conditions observed in the polynya in 2015 were similar to those found on the outer shelf 580 

in 1996 and 2007 (Figure 10). In each year warm and saline mCDW was present near the 581 

sea floor, overlaid by cold and fresh WW. The salinity measurements from SIPEX in late 582 

winter 2007 presented a large offset (>0.1) and therefore are not reported here. However, 583 

the vertical structure indicates that the WW in 2007 was about 0.3 lower in salinity than 584 

the underlying mCDW [Williams et al., 2011], similar to what observed in 1996 and 585 

2015. Satellite estimates indicate that sea-ice production in the DP is lower than in other 586 

major polynyas (e.g. Mertz or Ross polynyas) and that interannual variability is relatively 587 

small [Tamura et al., 2016; Williams et al., 2011]. Several lines of evidence therefore 588 

support the conclusion that DSW is not produced in the DP: DSW has never been 589 

observed on the shelf, sea-ice production is lower compared to polynyas where DSW is 590 

produced, glacial meltwater that acts to weaken DSW production [Williams et al., 2016] 591 

is widespread and some observations during the past 20 years show that WW is much 592 

fresher than the underlying mCDW, indicating weak salinification in wintertime. 593 

The similarities of the ocean properties in 1996, 2007 and 2015 coupled with the 594 

limited interannual changes in sea-ice production suggest that the marginal role of the DP 595 

in setting the mCDW properties on the continental shelf observed in 2015 is 596 

representative. Modelling studies suggest that cold water originated in the polynya mixes 597 



with warm mCDW before entering in contact with the ice shelves. This process limits the 598 

ice-shelf basal melt, especially in years when the polynya is more active [Khazendar et 599 

al., 2013; Gwyther et al., 2014]. In light of our results this mechanism seems unlikely to 600 

play a primary role. We note, however, that more oceanographic data in the DP able to 601 

resolve the interannual variability of the evolution of the winter mixed layer are required 602 

to unequivocally assess the validity of this inference.  603 

 604 

 605 

Figure 10. SIPEX-BROKE-AU1402. Vertical profiles of (a) potential temperature  and 606 

(b) salinity from BROKE in 1996 (dark green, station 82-83) and SIPEX in 2007 (black, 607 

station 8). For comparison two profiles from AU1402 in 2015, one from the northern DP 608 

(station 81) and one from the western DP (station 58), are overlaid in red. In (a) overlaid 609 

in dashed black is the surface freezing temperature for a salinity of 34.4, representative of 610 

the domain. The location of the stations is labelled in Figure 1. Salinity data from SIPEX 611 

presented a large offset (>0.1) and therefore are not included here. 612 

 613 



 614 

 615 

Figure 11. Comparisons between Totten, Mertz and Pine Island glaciers. (a) Potential 616 

temperature  versus salinity from the shelf in front of Totten (green), Mertz (blue) and 617 

Pine Island (red) glaciers. The grey lines represent the surface of  = 27.7 kg m-3 (upper 618 

boundary of mCDW) and  = 27.85 kg m-3 (upper boundary of DSW). The black line is 619 

the surface freezing point. The cyan dashed lines are the mixing line between the 620 

warmest mCDW found in front of Totten/Pine Island and pure glacial meltwater. (b) As 621 

(a) for dissolved oxygen versus salinity. The black line indicates the surface of saturation 622 

for water at the surface freezing point. Vertical profiles of (c) , (d) salinity, (e) dissolved 623 

oxygen showing two profiles for each region. The thin lines are profiles representative of 624 

the shelf conditions (station 52/13/131 for Totten/Pine Island/Mertz). The thick lines are 625 

profiles representative of the ice-front conditions (station 36/16/88 for Totten/Pine 626 

Island/Mertz). The vertical dashed line in panel (c) indicates the surface freezing line for 627 

a salinity of 34.3, an intermediate value between the salinity observed at these three 628 

locations. 629 

 630 



In order to contextualize our results, we compare the ocean properties observed 631 

near the Totten Glacier with the Mertz Glacier on the Adélie Coast in East Antarctica and 632 

with Pine Island Glacier in Pine Island Bay, West Antarctica (Figure 11). The mCDW is 633 

found on each shelf, but with different properties. The warmest mCDW is observed in 634 

Pine Island Bay (3-4°C above the in situ freezing point). On the Sabrina Coast the 635 

mCDW is colder, but still 2-2.5°C above the local freezing point, while on the Adélie 636 

Coast the mCDW is less than 1.3°C above the local freezing point. The ocean 637 

stratification is similar on the Totten shelf (see station 52) and in Pine Island Bay (see 638 

station 13): beneath the summer mixed layer, cold and fresh WW overlies warm, salty 639 

mCDW. In contrast, on the Adélie Coast, the densest water is cold and oxygen rich DSW 640 

formed during winter [Shadwick et al., 2013] (for our work we consider the =27.85 kg 641 

m-3 isopycnal as the upper boundary of DSW). Above the DSW we find the mCDW, a 642 

thin remnant of the WW layer and the summer mixed layer (see station 131). Intrusions 643 

of mCDW are not dense enough to erode the DSW on the Adélie Coast, and as a result 644 

the temperature maximum associated with mCDW is found at intermediate depth. In 645 

Figure 12 we show a schematic of the different stratification found on the Sabrina Coast 646 

and Pine Island Bay, and on the Adélie Coast.  647 

The difference in stratification found in front of Totten/Pine Island and Mertz 648 

glaciers is critical for the impact of the ocean on the ice shelf. Near the Mertz Glacier 649 

relatively warm mCDW is found at depths shallower than 300 m and so has limited 650 

access to the cavity beneath the Mertz Glacier Tongue. Cold DSW fills the cavity and 651 

drives basal melt at depth. The cold and high oxygen ISW at the calving front (e.g., 652 

station 88) confirms that high oxygen DSW is the main source of melting under the 653 



Mertz Tongue. High oxygen ISW is not found in front of Totten and Pine Island glaciers 654 

because the melting source is the low oxygen mCDW. The last important difference 655 

between the Adélie Coast and Sabrina Coast/Pine Island Bay is the freshness of the WW 656 

of the latter (34.5-34.6 vs  34.3/34). Fresh WW as a result of weak winter salinification 657 

is a key factor controlling the ocean influence on the ice sheet: weak convection in West 658 

Antarctica and near the Totten Glacier fosters rapid ice shelf basal melt by deep 659 

intrusions of warm waters, while strong heat loss and deep convection on several 660 

continental shelves in East Antarctica “protects” outlet glaciers by limiting the tranpsort 661 

of ocean heat to the cavity. 662 

 663 

 664 

Figure 12. Schematic of the ocean summertime stratification in potential temperature  665 

in front of (a) Totten/Pine Island Glacier and (b) Mertz Glacier. AASW = Antarctic 666 

Surface Water; WW = Winter Water; mCDW = modified Circumpolar Deep Water; 667 

DSW = Dense Shelf Water. 668 

 669 

 670 

 671 



The continental shelves on the Sabrina Coast and in West Antarctica share several 672 

characteristics: absence of DSW formation, similar stratification, high basal melt rates of 673 

coastal ice shelves and widespread glacial meltwater at intermediate depths. There are 674 

also some important differences. As mentioned before, the mCDW on the continental 675 

shelf is warmer in Pine Island Bay than on the Sabrina Coast continental shelf. We note 676 

that our data show the warmest mCDW is found in the deep water west of the polynya, 677 

suggesting we may not have sampled the warmest waters found on the Sabrina Coast. 678 

WW is fresher near Pine Island Glacier. At the calving front, basal meltwater 679 

concentration of the outflow from the TIS cavity is  30% of the values estimated from 680 

Pine Island Glacier during the last 20 years [Jacobs et al., 2011]. The higher meltwater 681 

content near Pine Island Glacier is apparent in the θ-S and O-S diagram by the 682 

overlapping of some measurements at the calving front with the mCDW-glacial 683 

meltwater mixing line (see station 16). This overlapping is not observed at the Totten 684 

Glacier presumably for two reasons. First, meltwater at the calving front may have 685 

already mixed with WW. Second, the major outflow from the cavity may occur in the 686 

westernmost sector of the TIS front (where fast ice prevented access during the survey). 687 

The access of relatively warm water to the TIS and MUIS cavities through 688 

localized troughs is not observed at Pine Island Glacier, where mCDW intrusions are 689 

observed all along the calving front. Our results suggest that the primary mechanism that 690 

regulates the thermal forcing of intrusions into the TIS and MUIS cavity is the pycnocline 691 

depth on the continental shelf. If the pycnocline shoals, more mCDW may overcome any 692 

physical barrier blocking access to the ice front, allowing warmer and more extensive 693 

intrusions into the ice-shelf cavities and an increase in the rate of basal melt. On the 694 



contrary, if the pycnocline deepens cooler intrusions would reduce the basal melt. Several 695 

mechanisms can influence the depth of the pycnocline on the continental shelf. 696 

Variability of mCDW intrusions onto the shelf can modify the thickness of the bottom 697 

layer and the maximum depth of overlying pycnocline [Thoma et al., 2008]. Local 698 

changes in winds associated with upwelling/downwelling variability or 699 

increseased/decreased freshwater fluxes from ice-shelf basal melt can also cause 700 

substantial changes in the pycnocline depth [Padman et al., 2012]. Finally, variability in 701 

the winter convection and thus in the mixed layer thickness can alter the depth at which 702 

the pycnocline starts. In this case polynya variability might be important, especially for 703 

the nearby MUIS where our observations show that the mCDW core does not access the 704 

cavity but only waters coming from the upper pycnocline. Therefore, deepening of the 705 

upper pycnocline would prevent relatively warm water from reaching the ice shelf. 706 

Winter convection depends on several processes such as winds, air temperature, 707 

incoming longwave/shortwave radiation and air humidity [Petty et al., 2013]. However, 708 

the lack of consensus on future changes of these parameters [Kusahara and Hasumi, 709 

2013] undermines our ability to fully predict on the Sabrina Coast (and in general on 710 

every Antarctic continental shelf) the ocean heat flux to the outlet glaciers in the coming 711 

decades and centuries.    712 

Based on our snapshot, we show that ocean conditions on the Sabrina Coast 713 

continental shelf resemble those of West Antarctica: warm mCDW is found in the bottom 714 

layer beneath fresh surface waters and meltwater by melting ice shelves is widespread at 715 

mid-depths on the inner shelf. In contrast to West Antarctica, access of relatively warm 716 

water to the TIS and MUIS cavity is limited to a few deep troughs, reducing the potential 717 



ocean heat flux to the base of the ice shelves. We note, however, that a complete 718 

assessment of the impact of the ocean on the glacial ice in this region requires several 719 

knowledge gaps to be filled. First of all, the bathymetry of this region is still poorly 720 

known and the pathway of warm water to the glaciers is unresolved. No measurements of 721 

the interannual variability of ocean heat flux to the cavities have been made and even less 722 

is known about the heat flux reaching the grounding line. And last, data from the calving 723 

front of the main and fast flowing trunk of MUIS are absent. Therefore we are not able to 724 

confirm if warm mCDW can also affect this area of the ice shelf. For these reasons 725 

further surveys are required to fully understand the ice-ocean processes involved in this 726 

critical region of Antarctica.  727 

 728 

5. Conclusions 729 

The oceanographic data collected in the austral summer of 2015 provide the most 730 

comprehensive hydrographic survey of the Sabrina Coast continental shelf to date. In 731 

most of the region covered by our survey we find warm mCDW in the bottom layer 732 

below fresh Winter Water. Glacial meltwater is widespread at mid-depths on the southern 733 

shelf. These features are atypical for East Antarctica but rather resemble those observed 734 

during the last two decades in West Antarctica, where the strong ice-sheet retreat has 735 

been linked to intrusions of mCDW into the ice-shelf cavities. 736 

Our findings indicate that warm water drives rapid ice shelf basal melt on the 737 

Sabrina Coast, but its access to the cavities is restricted to narrow troughs. However, 738 

future changes in the pycnocline depth may change this condition, allowing warmer and 739 

more extensive intrusions of mCDW into the ice shelf cavities, enhancing the basal melt. 740 



A collapse of the Totten Ice Shelf could initiate a rapid ice loss in the Aurora Basin in the 741 

next centuries affecting the global sea level by several meters [Golledge et al., 2015; 742 

DeConto and Pollard, 2016]. Our observations suggest that changes of the ocean 743 

conditions on the Sabrina Coast could further increase the present ocean heat flux, 744 

possibly affecting the mass balance of the Totten Ice Shelf. It is therefore critical to 745 

monitor and improve our understanding of the processes regulating the ice-ocean 746 

interaction on the Sabrina Coast in order to predict the future behaviour of the outlet 747 

glaciers that drain through this region.  748 
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