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Abstract Ocean heat supply to ice shelves has a signiﬁcant impact on the long‐term evolution of ice
shelves. Intrusions of warm surface waters into the frontal region of the cavity, known as “Mode 3”
circulation, are capable of melting the ice shelf base. However, ablation of the vertical walls of the ice shelf
front has, to date, received little attention. Here we propose a mechanism for Mode 3 circulation that is aided
by ice shelf front ablation: Direct contact of warm Antarctic Surface Water with the ice wall generates
meltwater that buoyantly ascends the vertical face and leads to formation of a “wedge” of fresher water
immediately adjacent to the wall. This wedge, which thins with distance from the ice shelf front, allows
isopycnals to curve gently downward, creating an efﬁcient conduit by which surface waters moved by other
forces such as tidal ﬂow and eddies enter an ice shelf cavity with minimal mixing. Here we use new and
existing observational data from the Ross Sea and the Ross Ice Shelf cavity to demonstrate the existence of
the wedge. Our analysis and a review of the literature suggest that the freshwater wedge structure is a
pervasive feature of the Western Ross Sea in summer and enhances other inﬂow mechanisms.
Plain Language Summary Recent observations from the Ross Ice Shelf cavity show inﬂow of
warm waters which are in contact with the ice shelf base. This inﬂow of surface waters is very warm, not
observed in other ice shelf cavities and not explained by existing mechanisms. We have found that ablation
of the ice shelf itself creates a density structure, a “wedge,” in the ocean next to the Ross Ice Shelf front
that allows warm summer surface water to slip easily to 230 m depth and enter the cavity. Similar structure is
also seen in historical observations next to the Ross Ice Shelf front. Thus, the Ross Ice Shelf basal melting in
the frontal zone is directly connected to surface waters in the Ross Sea. Hence, changes in sea ice cover
and solar heating in the Ross Sea will have an immediate effect on the Ross Ice Shelf stability.

1. Introduction
The interaction between ocean and ice shelves in the frontal zone, with its corresponding ocean circulation
pattern, has been described as “Mode 3” ice shelf basal melting (Jacobs et al., 1992). Mode 3 is characterized
by rapid melting of ice walls and shallow ice shelf bases, typically within 100 km of the ice front. For example, warm ocean waters are often advected into the cavity in summer, where strong vertical mixing causes
high melting (Joughin & Padman, 2003). Several mechanisms have been previously identiﬁed as responsible
for generating Mode 3 circulation and delivering surface waters to the cavity. Mode 3 circulation is prominent for the Ronne‐Filchner, Fimbul, and the Ross Ice Shelves (Silvano et al., 2016) where, in each case, a
combination of mechanisms may be contributing to the circulation pattern.
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Observations and modeling beneath the Fimbul Ice Shelf demonstrated the appearance of summer Antarctic
Surface Water (AASW; water with temperatures up to −1.7 °C) in the top part of the water column in
January–April (Hattermann et al., 2012). In the Eastern Weddell Sea, AASW was identiﬁed in a 200‐m mixed
layer in summer (Zhou et al., 2014). From those observations it was evident that easterly winds and the consequential Ekman pumping were sufﬁcient to allow this AASW to enter the cavity (Hattermann et al., 2014;
Ohshima et al., 1996; Zhou et al., 2014). Within the cavity of the Ronne Ice Shelf, Joughin and Padman
(2003) demonstrated high melting in the frontal area that was associated with the advection of warm waters.
Separate modeling of tidal currents generated inﬂow of warmer offshore waters into the cavity (Makinson &
Nicholls, 1999). For the Ross Ice Shelf (RIS) cavity, summer inﬂow of unmodiﬁed surface waters into the
cavity and large melt rates in the frontal zone have recently been observed (Horgan et al., 2011;
Stewart, 2017).
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Our analysis of wind records, sea surface temperatures, oceanographic data from the RIS cavity, and the
southwest Ross Sea, to be presented here, shows that none of the established mechanisms are sufﬁcient to
explain the observed behavior in the frontal region of the RIS in summer. We propose a new mechanism that
explains the observed inﬂow into the RIS cavity. We hypothesize that ablation of the vertical front of an ice
shelf can create a “wedge” of freshwater which promotes the ﬂow of warm surface water directly into the
ice shelf cavity. Here, we use the term wedge to deﬁne a volume of fresher water, which is as thick as the
ice shelf draft immediately adjacent to the ice front. This wedge thins with distance from the ice shelf as it
mixes with the open ocean surface waters and eventually becomes indistinguishable from AASW. The
wedge promotes downward‐curved isopycnals that directly connect the surface waters and ice shelf base
in the frontal region of the ice shelf. This establishes favorable conditions for AASW to slip under the ice
shelf along these isopycnals, aided by other forcing. Therefore, the wedge represents an “energy efﬁcient”
way to push surface waters downward and to enhance Mode 3 basal melting in the frontal zone of the ice
shelf. We corroborate this hypothesis with observations from the Southwest Ross Sea collected by tagged
Weddell Seals and along‐front oceanographic sections collected between 1976 and 2007.
In section 2 we lay out the various data sets used in this study. In section 3.1 we draw together these various
streams of evidence to demonstrate that none of the established mechanisms explain the observed inﬂow
into the cavity. Section 3.2 contains evidence that ice shelf front ablation of the RIS is likely generating a
wedge circulation pattern consistent with observations. In section 4 we review observations made in the
Ross Sea and modeling of the RIS and demonstrate wedge existence. Finally, in section 5 we summarize
the wedge mechanism for summer inﬂow of surface waters into the RIS cavity.

2. Methods: Contributing Data Sets
In this section we summarize the various observational data sets that contribute to identifying a wedge feature at the RIS front (Figure 1a) and the key data processing steps. They will be referred to in the description
of the wedge mechanism in the following sections.
2.1. The Coulman High Mooring
The Coulman High (CH) oceanographic mooring was located to the east of Ross Island about 7 km south of
the ice shelf front and deployed from 2011 to 2015 through a borehole in the ice shelf (Arzeno et al., 2014;
Stewart, 2017). Here we focus on hourly measurements from the top 2 groups of instruments (Figure 1b).
For full details see Stewart (2017). The position of the instruments relative to the ice shelf base changed over
the 5 years of measurement as the ice shelf melted increasing the distance between the ice shelf base and the
instruments. The instruments are described and named after their position at the time of deployment (i.e.,
CH5.5 was 5.5 m below the ice shelf).
The top group had a CTD‐logger, a Seabird Electronics SBE 37‐IM MicroCAT, at 226 m below sea level (mbsl)
or about 5.5 m below the base of the ice shelf (hereafter abbreviated CH5.5). Next a current meter Nortek
Aquadopp IM6000 was located at 228 mbsl or at 7.5 m below the base of the ice shelf (hereafter CH7.5).
The current meter measured velocities and temperature. The latter was calibrated against a more accurate
MicroCAT record during well‐mixed periods in winter when both instruments were in the same layer. The
second group used in this study has a MicroCAT at 387 mbsl or 167 m below the base of the ice shelf (hereafter CH167). At this location the seaﬂoor is at 798 m deep, and the water column thickness is 578 m.
2.2. Sea Surface Temperature
Sea surface temperature (SST) comes from the NOAA OISST v2 data set, a daily mean product with 0.25°
spatial resolution (Banzon et al., 2016). The data showed a small bias of −0.02 °C against CTD observations
in a recent study (Stroh et al., 2015), and showed good results in coastal waters of high spatial variability in
the Beaufort Sea against UpTempO buoys (Castro et al., 2016). We choose an area bounded by 168–180°E,
76–78°S (red area on Figure 2, hereafter the Ross Sea Polynya [RSP]region) and calculate the mean SST of
this region.
The NOAA OISST v2 data set treats the sea ice cover in a way that may overestimate temperatures during
times of high sea ice concentration (SIC) in the Ross Sea. If SIC is above 50%, SST is simulated from SIC using
a linear ﬁt, where coefﬁcients are constrained so that the SST equals −1.8 °C for SIC = 100% (Reynolds et al.,
2007). At the same time, the temperature in the top part of the water column (12–40 m deep) in McMurdo
MALYARENKO ET AL.

2

Journal of Geophysical Research: Oceans

10.1029/2018JC014594

Figure 1. (a) Map of the Ross Sea with main currents positions. The Ross Sea bathymetry is based on IBCSO (Arndt et al., 2013). Generated with the Antarctic
Mapping Toolbox (Greene et al., 2017). Sea ice concentration for January 2010 is shown with thin contour lines: red for 30%, yellow for 50%. (b) Sketch of the
CH Mooring instrument position (not to scale). CH = Coulman High.

Sound was observed as low as −1.94 °C (ITP40, November 2010). To take this into consideration, we mark
winter periods in gray in Figure 3. We deﬁne winter as when mean SIC in our area of interest is greater than
50% based on Nimbus 7 data, which was used in the OISST v2 data set.
2.3. Sea Ice Concentration
The seasonal signal in surface temperatures is closely linked to SIC. In Figure 3 we include a NSIDC Nimbus
7 (25 km resolution, all period; Cavalieri et al., 1996), Hamburg ASI‐SSMI (12.5 km resolution, all period; data
set by Kaleschke et al., 2016, 2001; Kern et al., 2010; Spreen et al., 2008), and Hamburg ASI‐AMSR2 (3.125 km
resolution, starting 2 July 2012; Beitsch et al., 2013). For each data set, we have taken an average value for the
area that represents a region of possible interaction with the CH record (the red area in Figure 2, 168–180°E,

Figure 2. Map of measurement locations. Crosses represent seal measurement locations, with black symbols from
McMurdo Sound; blue, purple, and red are from the RSP region sorted by mixed layer depth, with colors corresponding
to proﬁles in Figures 8a and 8b. Ice shelf front position is based on RTopo v.2.0 data set (Greene et al., 2017; Schaffer et al.,
2016). The coastline is the 2004 position. RSP = Ross Sea Polynya; CH = Coulman High; AWS = automatic weather
station.
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Figure 3. Mean sea ice concentration, SST, and ocean temperatures in the Ross Sea Polynya region. Red line is summer SST when mean sea ice concentration
below 50%. Gray line is winter SST when mean sea ice concentration above 50%. See section 2.2 for details. Black is temperature record from the CH mooring at
228 m below sea level (or 7.5 m below ice shelf). Dashed lines are SIC from the area in front of the ice shelf from different data sets. See section 2.3 for details.
All data sets are plotted with 7 day running mean of daily values. Dates are marked for ﬁrst day of each month. SST = sea surface temperature; SIC = sea ice
concentration; CH = Coulman High.

76–78°S). Although there are large variations in winter records, periods of interest are characterized by a high
percentage of open water that is available for warming. In the area that we chose to analyze, the Nimbus 7
data set has 88 ocean data points out of 105 grid points (84%); ASI‐SSMI has 347 ocean data points out of
419 grid points (83%); ASI‐AMSR2 has 5,382 ocean data points out of 6,660 grid points (80%), as products
are affected by differing landmasks which include the position of the ice shelf front. While all of the data sets
are plotted in Figure 3 for reference, ASI‐SSMI was chosen for further analysis in section 3.
2.4. Winds
We access wind data from two distinct sources covering the period of interest (2011–2015). The ERA‐Interim
reanalysis (Berrisford et al., 2011) was used to obtain 10 m winds (Figure 4a), at 6‐hourly intervals for the
whole RSP region (red area in Figure 2). We also extracted 3‐hourly observations from 2 m height
(Figure 4b) for the closest automatic weather station (AWS) to the CH mooring, located at 77.52°S,
170.81°E (Laurie 2 in Automatic Weather Station Program detailed in Lazzara et al., 2012). Dale et al.
(2016) found that these two data sets show no signiﬁcant directional bias over the RIS, but ERA‐Interim generates signiﬁcantly weaker wind speeds than measured by AWS Laurie 2. To compare winds over the ice
shelf and over the ocean, we chose an ocean point at 170°E, 76°S (location shown in Figure 2) from ERA‐
Interim (Figure 4a).
2.5. RSP Observations From Weddell Seals
Seal tags (Conductivity‐Depth‐Temperature Satellite Relay Data Loggers; CTD‐SRDLs; Boehme et al., 2009)
carried by Weddell seals in the western Ross Sea (Goetz, 2015; Roquet et al., 2013) were used to provide proﬁles of temperature and salinity. Salinity proﬁles obtained by seals in the Ross Sea region show uncertainties
in excess of 1 g/kg in absolute value, but gradients within an instrument (both vertical and in time) are reliable (Frazer et al., 2018). We have chosen one instrument that operated for most of 2010 and that got close to
the CH mooring to explore the spatial differences (ARGO ID 98215). A collocation analysis following Frazer
et al. (2018) was conducted on the set of all available seal tags from the Ross Sea from 2010, which leads to a
relative correction to the salinity values in the chosen seal tag of −0.76 g/kg. This change in salinity does not
change the vertical gradients, and hence the contrast between shallow and deep waters. Temperature values
remained unchanged during the analysis. Cross symbols in Figure 2 show the locations of the proﬁles used.
MALYARENKO ET AL.
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Figure 4. Windroses for (a) Ross Sea Polynya from the ERA‐Interim reanalysis (170°E, 76°S) and (b) automatic weather
station Laurie 2 for 2011–2015 (see position in Figure 2). Windroses show the direction from which the wind is blowing.

Proﬁles from McMurdo Sound were taken between late January and mid‐February 2010, proﬁles from the
RSP region were taken in late February 2010.
In section 4 we also use data from single seal tags from February 2014 (ARGO ID 113382) and February 2016
(ARGO ID 136237) with similar corrections from the collocation analysis (Frazer et al., 2018). These seals did
not travel along the RIS front and only made measurements in the locations of the blue proﬁles of Figure 2.
2.6. Ross Sea Historical Observations
Additional oceanographic measurements from the Western Ross Sea were used for comparison. Data for
along‐front and across‐front sections from 1976 to 2007 were extracted from the World Ocean database
2013 (Boyer et al., 2013).
Mooring data from Mahoney et al. (2011) and ITP40 which was deployed in McMurdo Sound were used to
understand seasonal variability.
Water mass deﬁnitions for the Ross Sea are based on values from Jacobs et al. (1985), converted to TEOS‐10
using average depths. The Ross Sea water masses experience a trend that is signiﬁcant compared to
short‐term variations in the water mass properties over time (Jacobs & Giulivi, 2010). So we applied
freshening and cooling trends to water mass deﬁnitions following the analysis of Jacobs and Giulivi
(2010): −0.08 g/kg per decade for AASW and AASW Glacial (AASWG); −0.04 g/kg per decade and
−0.02 °C per decade for Modiﬁed Circumpolar Deep Water (mCDW); −0.03 g/kg per decade for the rest
of the water masses. All historical values are presented in TEOS‐10.
Precipitation have been obtained from ERA‐Interim reanalysis (Berrisford et al., 2011). ERA‐Interim uses
forecasts to interpolate analysis ﬁelds and produce accumulated parameters, which we used to calculate
the precipitation over the RSP region over each summer.

3. Results
3.1. Summer Surface Water Inﬂow
We ﬁrst discuss the water masses that can be identiﬁed in the CH record during summer. SSTs from the
NOAA data set from the RSP show seasonal variability similar to that in the record from the CH7.5 mooring
at 228 m (Figure 3). The 5‐year record from CH7.5 showed seasonal ranges of 1.3, 1.5, 1.4, 1.8, and 1.3 °C in
unsmoothed records, respectively, in each calendar year. The warmest water of CH7.5 record was recorded
in 2014 (−0.3 °C in the unsmoothed record). The correlation in interannual temperature variability between
SST and CH7.5 indicates that the warm signal must be delivered from the ocean surface to the ice shelf cavity
every summer. Notably, for both the SST and CH7.5 records the maximum temperature occurs in 2013–2014
and the coldest summer is 2011–2012. Warm signals under the ice shelves could be explained by either
AASW or CDW inﬂow (Jacobs et al., 1992). The inﬂow of CDW onto the Ross Sea continental shelf has been
recorded along the continental slope, but it has only been observed (Jacobs & Giulivi, 2010; Smethie &
Jacobs, 2005) or modeled (Jendersie et al., 2018) to ﬂow toward the RIS in the Eastern Ross Sea. It typically
reaches the RIS front and enters the cavity as a single plume located between 170 and 180°W. Additionally,
MALYARENKO ET AL.
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Figure 5. (a) SST in red (summer when mean sea ice concentration below 50%) and gray (winter when mean sea ice concentration above 50%). Sea ice concentration for the CH area in blue plotted on an inverted scale. Both records are plotted
with a 7‐day running mean and area‐averaged for the red box in Figure 2. See section 2.2 for details. (b) Temperature
records for CH5.5 (black) and CH167 (blue). Bold lines show the 7‐day running mean. (c) Salinity records for CH5.5
(black) and CH167 (blue). Bold lines show the 7‐day running mean. (d) Seasonal range of temperature from observations
at different depths. Observations from McMurdo Sound are shown in green (see section 2.6 for details). Observations from
CH mooring are shown in red for over a year (2011–2012). (e) Seasonal range of salinity from observations at different
depths, same as (d). SST = sea surface temperature; SIC = sea ice concentration; CH = Coulman High; RIS = Ross Ice
Shelf.

in the Eastern Ross Sea, the mCDW has been cooled from −0.8 to −1.3 °C next to the ice shelf front (Jacobs &
Giulivi, 2010).
The timing of the warm signal's arrival at the CH mooring is closely related to SIC in the RSP region. An
early opening of the RSP leads to early, strong warming of the surface water and rapid transport of the heat
signal down to the depth of the CH mooring. Figure 3 shows the consecutive opening of the sea ice cover,
surface warming, and arrival of warm signal in CH7.5 in each summer. We deﬁne the start of the warming
in the CH7.5 record as temperatures warmer than −1.9 °C (surface freezing point for High Salinity Shelf
Water, HSSW). Based on this deﬁnition, warming began in November each year and the maxima were
recorded in February each year. In contrast warming is not seen in the Fimbul Ice Shelf cavity until April,
where inﬂow of surface waters into the cavity have been connected to wind direction (Hattermann
et al., 2012).
Next we compare existing mooring records from the McMurdo Sound and CH mooring. While there are no
observations from the RSP in winter, and summer observations are sparse, available research suggests that
water from RSP is ﬂowing into McMurdo Sound in summer (e.g., Jendersie et al., 2018; Mahoney et al.,
2011). The McMurdo Sound moorings operated under multiyear sea ice conditions and so do not show
signiﬁcant summer warming in the surface layers (Figures 5d and 5e). Warming seen at 50 m in these
moorings can be attributed to inﬂow of water from the Ross Sea.
The seasonal range evident in the surface layer in McMurdo Sound is the same as at 225 mbsl within the cavity (Figures 3, 5b, and 5c in black). But CH5.5 is positioned in the top part of the water column immediately
MALYARENKO ET AL.
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Figure 6. (a) Meridional component of velocity at CH7.5 represents inﬂow (negative)/outﬂow (positive) from the cavity as
the Ross Ice Shelf front approximately lies along 77.5°S near the CH position. (b–e) Mean ﬂow direction in different
seasons from CH7.5. Average velocity is taken over four spring‐neap cycles (approximately 2 months each), where Austral
Spring is October–November, early Summer is December–January, late Summer is February–March. (f) Main tidal ellipses
for CH7.5. CH = Coulman High.

adjacent to the ice shelf base. The same shift is seen deeper in the water column: The warm signal seen in the
CH167 record arrived later and had smaller amplitude (Figures 5b and 5c in blue). Compared to the moorings
from McMurdo Sound, the seasonal range in CH5.5 is similar to those seen in McMurdo Sound records from
50 m and not at 200 m (Figures 5d and 5e). Analogously, the seasonal range from CH167 is similar to
McMurdo Sound records from 200 m and not 400 m (Figures 5d and 5e: compare CH167 and other
moorings from 400 m). Therefore, the seasonal range in the CH mooring has no correspondence with
signals in open water based on absolute depth, but instead depends on depth relative to the ice shelf base.
Thus, it is highly unlikely that water in the Western Ross Sea at 200 m depth with temperatures up to −0.3 °C
and strong seasonal signal is mCDW, and therefore we interpret it as AASW. SST records represent a measurement of the skin layer of the ocean, so we expect that a summer mixed layer, about 40 m thick (Li et al.,
2017), may be slightly cooler than the SST measurement. Hence, AASW in the cavity can come from this surface layer. However, some heat may be lost due to mixing with cooler waters as it ﬂows into the cavity.
Next we analyze velocity records from current meter CH7.5. These show a strong tidal signal and seasonal
variability of the current (Figures 6a and 6f). Tidal analysis of the CH mooring has been presented based
on elevation changes of the ice shelf (Arzeno et al., 2014) and based on ocean currents (Stewart, 2017).
Using tidal currents reconstructed from all predicted constituents by harmonic analysis, we have calculated
the maximum cumulative distance that a particle could have been moved due to tidal currents. This distance
on the across‐front axis is 3.6 km, which is smaller than the distance between the ice shelf front and CH position (~7 km). Therefore, water masses in the CH record are continuously renewed by inﬂow from the RSP
region, but tidal currents alone do not move water from the RSP to the CH mooring. Seasonal change in
the background current direction is related to the RSP region (Figures 6b–6e). In winter, observed mean outﬂow is attributed to a cyclonic circulation cell JC6 related to a sea surface height anomaly due to polynya
activity (Jendersie, 2016). The southern ﬂow band of the cell is partially located in the cavity and so can
be observed in the CH mooring (Figure 1). Toward the end of summer, the local sea surface height anomaly
reverses and cell JC6 promotes ﬂow toward the ice shelf in the CH location. This reversal is seen throughout
the whole water column (see Stewart, 2017, Figure 2.10). Interannual variability in the direction during summer is likely related to changes in position of the circulation cell from year to year. Therefore, the recorded
summer inﬂow is most likely related to the circulation cell in the RSP, although it does not account for
AASW appearance in the cavity on its own.
Based on these observations, we conclude that the warm signal that is seen in the CH mooring is inﬂow of
local summer surface water, namely, AASW. A 200‐m downward shift and consecutive inﬂow of AASW in
summer can be theoretically caused in two ways: (1) creating a layer of AASW with at least 225 m thickness
MALYARENKO ET AL.
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Figure 7. Possible scenarios that could be seen in the Ross Sea next to the ice shelf front under the inﬂuence of various
established mechanisms (a–d). Left sides: cross‐sectional sketch of the physical mechanism operating across the ice
shelf front. Right sides: expected temperature and salinity proﬁles with water mass deﬁnitions for each mechanism in a
proﬁle next to the ice shelf front (blue dotted line, for comparison with blue seal proﬁles in Figure 8 at positions shown in
Figure 2). Vertical scale for each sketch and proﬁle is 0–400 m. Gray shading represents the wedge. AASW = Antarctic
Surface Water; HSSW = High Salinity Shelf Water.

in the RSP region, so that this water then moves horizontally into the cavity; (2) creating a lighter water mass
at the surface, in order for AASW to shift to intermediate depths. Surface layer thickening to 200 m in
summer can be caused by (i) Ekman pumping and (ii) mixing by tides and eddies. We suggest that effects
of wind‐driven mechanical mixing are not likely to produce such a deep mixed layer. We now look at
possible mechanisms that could explain the observed inﬂow of surface waters into the cavity. In Figure 7
we provide sketches of possible mechanisms and the associated proﬁles of temperature and salinity we
would expect to see in the RSP region with each scenario. These should be compared to the observed seal
proﬁles of Figure 2, plotted in Figure 8 (blue lines). Next we consider a number of possible hypotheses to
explain the observations.
• (i) Ekman pumping hypothesis
We explore the effects of Ekman pumping. Hattermann et al. (2014) have described the pile up of surface
water next to the Fimbul Ice Shelf front by easterly winds that promote Ekman pumping, deepening the
AASW layer closer to the ice shelf (see Figure 7a). This layer can be seen in an across‐shelf section of seal
data in the Eastern Weddell Sea collected during February–April 2012 (Zhou et al., 2014, their Figure 2).
If this was the case adjacent to the RIS (Figure 7a), the expected proﬁles would show AASW with little mixing in the top part of the water column. However, neither wind records nor seal proﬁles support
this scenario.
The wind records from both AWS Laurie 2 and an ocean point from the ERA‐Interim in the Ross Sea
(Figure 4) show predominantly southerly winds ﬂowing off the RIS and which continue to move toward
the north. Spatial analysis of mean wind direction over the Ross Sea over the 5 years of the mooring records
demonstrates that southerly winds are consistent over the whole region for all seasons. Indeed, katabatic
southerly winds have been shown to dominate over the entire Ross Sea (Dale et al., 2016). The RSP opens
from the coast each spring, so the effects of sea ice on Ekman pumping are not important for the Ross Sea
while Coriolis‐affected southerly winds promote an along‐front current from the Eastern Ross Sea to the
Western Ross Sea in summer.
We now consider the magnitude of the wind stresses required. The depth of the mixed layer in the Western
Ross Sea is around 30 m in summer (Jacobs & Giulivi, 2010) so Ekman downwelling would have to be of the
MALYARENKO ET AL.
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Figure 8. Contrasting temperature and salinity proﬁles from the seal tags. Proﬁles from McMurdo Sound (gray) and RSP
region (all other colors) show (a) temperature and (b) salinity. Figure 2 shows the location of all observations, with
observations in the McMurdo region shown in black, and observations from the RSP region shown in corresponding
colors. Observed range of temperature and salinity from the CH mooring at instruments' depths is in black and orange.
(c) Seal proﬁles from 2010, same as in (a) and (b). Freezing lines for surface (dashed brown line) and ice shelf base (orange
dashed line); water mass deﬁnitions for AASW and AASWG, updated for 2010 (see section 2.6 for details). (d) Blue
seal proﬁles from 2010 and data from CH5.5 (winter data in yellow, summer data in green). Freezing lines for surface
(dashed brown line) and ice shelf base (orange dashed line); water mass deﬁnitions for all water masses, updated for 2010
(see section 2.6 for details). AASW = Antarctic Surface Water; AASWG = AASW Glacial; RSP = Ross Sea Polynya;
CH = Coulman High.

order of 200 m in order to explain the observations. Applying an analytical model from Zhou et al. (2014;
their formula 11), along‐shore wind stress should be around −0.6 N/m2 to drive downwelling to 200 m
(predominantly easterly wind). Mean along‐shore wind stress from Laurie 2 is 0.03 N/m2, mean RSP
along‐shore wind stress is 0.01 N/m2 over 2010–2015.
MALYARENKO ET AL.
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Li et al. (2017) showed that short‐term wind events with an easterly component could potentially lead to
downwelling events along the RIS front. We have analyzed the wind record from ERA‐Interim over ocean
points in the RSP area by dividing the area into approximately 20 × 20 km (1 × 0.25°, mean of 16 grid points)
boxes over summer periods during 2010–2015 (November–February). For each box, a week‐long Cumulative
Upwelling Index (CUI) has been calculated following Li et al. (2017), and the minima have been found. The
area in front of the RIS (170–180°E) is categorized by an east‐west gradient: closer to RIS the CUI average is
−126,144 m2; closer to AWS Vito the CUI average is −222,048 m2. During January 2012, Li et al. (2017)
observed a week‐long event with an easterly wind component, characterized by CUI of −152,064 m2
(reported as −1.76 m2 × 86,400; their Figure 11). Their modeling with observed wind and basal melting
led to a 65 m deepening of the cold layer, and with wind increased by 50% and basal melting, to a 75 m deepening during the downwelling event. The lowest values we have calculated are comparable to the 50% wind
increase in Li et al. (2017). So, while shallow short‐period downwelling events are possible closer to the
Central RIS, they do not push surface water deep enough to explain the CH observations. Only by reducing
stratiﬁcation below 50 m were they able to replicate a cold layer next to an ice shelf front. However, the seal
proﬁles show that this approach is not applicable for the conditions encountered in 2010. Thus, wind stress‐
induced downwelling appears to be insufﬁcient to explain our observations.
The possibility that the water enters the cavity at another site also needs consideration. The ice shelf draft in
the Western Ross Sea is 50 mbsl at the shallowest part next to the Ross Island and 230 mbsl at the deepest
part. Summer mean ﬂow (Figures 6b–6e), tidal ellipses (Figure 6f), and the Coastal current suggest that
the predominant ﬂow direction at the CH mooring is from east to west. Consequently, surface water seen
at the depth of the CH must have originated in front of, or to the east of the CH mooring and is not coming
from the west, from the shallower sections of the ice shelf adjacent to Ross Island.
Finally, the seal proﬁles in Figure 8 do not show a warm fresh layer of AASW deepening closer to the ice
shelf front (see Figure 7a for sketch). Instead, they show a cold and very fresh layer. Thus, Ekman pumping
cannot generate inﬂow of warm and fresh water in summer seen in the RIS cavity.
• (ii) Enhanced vertical mixing by tides and eddies hypothesis
Tidal currents and eddies next to an ice shelf front promote enhanced mixing of water and can also contribute to deepening of the surface water layer (see Figure 7b). Horizontal movement of warm water by tides
and enhanced mixing close to an ice shelf base have been demonstrated next to the Ronne Ice Shelf
(Joughin & Padman, 2003; Makinson & Nicholls, 1999).
Eddies often enter the RIS cavity in winter as a result of winter sea ice production in the polynya (Årthun
et al., 2013; Stewart, 2017). Winter polynya‐related mechanisms are not active in the Ross Sea when there
is no sea ice production, from early November to late February during each summer season.
During summer, mixing by tidal currents due to a steep step in topography such as ice shelf front (e.g.,
Padman et al., 2018, section 7.1.1) and eddies due to irregular shape of the ice shelf front (e.g. Li et al.,
2017) could also cause deepening of the AASW layer. Records from CH5.5 and CH7.5 show that AASW does
not cool signiﬁcantly, and the salinity record from CH5.5 shows little mixing (salinity of warm inﬂow in
2011–2012 is only 0.3 g/kg higher compared to mean salinity associated with AASW). If this were the result
of mixing, the expected proﬁles would have shown typical AASW temperatures down to 200 m with a small
salinity gradient from AASW values to some mixture of AASW and underlying HSSW, leftover from the previous winter (Figure 7b). This signal is not seen in the along‐front sections (Jacobs et al., 1985; Smethie &
Jacobs, 2005) and not seen in seal proﬁles (Figure 8). So, while these effects can next to the RIS front, vertical
mixing does not explain seal proﬁle structures.
Therefore, the mechanisms (i) and (ii) are not capable of explaining the inﬂow of almost unmodiﬁed AASW
into the cavity. Observed forcing in the Ross Sea does not support AASW deepening with or without mixing,
and proﬁles in front of the CH mooring do not show a deep AASW layer.
3.2. Wedge Mechanism in the Western Ross Sea
3.2.1. Wedge Generation
The freshwater wedge next to an ice shelf front deepens the isopycnals and allows other processes to move
water along isopycnals into the cavity (see sketch in Figure 7d). AASW is the warmest water that can be
found at the surface (and in the Western Ross Sea in general), so the only way to create a lighter water
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mass is to add fresh water. Fresh water can be sourced locally from (i) precipitation, (ii) melting sea ice, (iii)
melt water from ice shelf basal melting, or (iv) melt water from ice shelf front ablation, (v) combinations of
the above. Melt water will substantially cool AASW. However, in polar seas, its effect of lowering salinity is
more signiﬁcant for determining density. Alternatively, fresh water can be advected from other regions, for
example, sea ice meltwater from the Eastern Ross Sea or glacial meltwater from Amundsen Sea.
In order to assess the freshwater input, we assume that seal proﬁles are representative of the end‐of‐summer
surface mixed layer in the area in front of the ice shelf. By the end of winter, the RSP is expected to have a
homogeneous water column of HSSW (>34.8; Orsi & Wiederwohl, 2009). While sea ice production rates can
vary from year to year, the deep part of the seal proﬁles represents the state of the whole water column at the
end of winter. Thus, freshening in the top part has to happen within one summer season, approximately
3 months (December–February).
Meltwater from Amundsen Sea is known to reach the Ross Sea (Nakayama et al., 2014) and is thought to be
responsible for the general freshening of the Ross Sea (Jacobs & Giulivi, 2010). While the vertically integrated meltwater increase has been shown to be about 1 m (Nakayama et al., 2014), this signal is spread
throughout the whole water column and across the whole Ross Sea. This is reﬂected in the shift of typical
water mass deﬁnitions since 1968 (see section 2.6). So, the lowest parts of the seal proﬁles and ITP proﬁles
(Figure 8) already reﬂect the effect of advection from the Amundsen Sea, and the freshening in the top part
of the water column (the wedge) is created in addition to this and is formed during one summer season.
Advection of meltwater from the Eastern Ross Sea in the Surface Coastal Current, which runs along the front
of the ice shelf, may possibly bring freshwater to Ross Island, as sea ice in the Eastern Ross Sea continues to
melt all summer. If this advection and concentration of fresh water were happening close to the ice shelf
front, we would expect to see this signal in the repeated summer along‐front oceanographic sections.
However, sections from Smethie and Jacobs (2005) consistently show the Eastern Ross Sea fresher than
the Western Ross Sea. Additionally, strong advection of meltwater from the east would likely present itself
as signiﬁcant freshening in the red and purple proﬁles, with weakening of the signal in the blue proﬁles
(Figure 8). As water is moving in the Surface Coastal Current from east to west in summer, it can also accumulate the effects of precipitation and sea ice melting. This process is not dependent on the ice shelf, and
thus should continue as water moves toward the Victoria Land Coast. But there is no evidence of continuous
freshening of water next to the west of the Ross Island (Frazer et al., 2018), so we infer that the ice shelf‐
related processes are most important next to the RIS front. The Surface Coastal Current would be capable
of carrying additional meltwater from melting over the Western Ross Sea (area between the blue and purple
proﬁles). In summer 2009–2010, this whole area stayed free of sea ice from 1 December 2009 until late
February when the seal proﬁles were made, so extra meltwater from sea ice melt over the Western Ross
Sea can be neglected.
Following (McPhee et al., 2009), we calculate fresh water content (FWC) in the top homogeneous part of the
surface

−SðzÞ
seal proﬁles (Figure 8) using FWC ¼ ∫mixed layer depth SHSSW
dz. For the blue, purple, and red proﬁles the
SHSSW

FWC is 3.44, 1.72, and 1.14 m, respectively. We now consider the sources of meltwater for the wedge.
Comparing FWC between the purple and blue proﬁles, one is tempted to construct an east‐west gradient of
fresh water input (FWI) between them. However, we do not have enough observations to constrain FWC
between seal proﬁles: how wide is the wedge next to Ross Island, does it exist continuously between the blue
and purple proﬁles, is position of the red proﬁles indicative of wedge width along the whole ice shelf front, is
the change between the red and purple proﬁles representative of wedge structure. For a point between the
blue and purple proﬁles, one would have to account for creating the local wedge and advection to west.
All estimates are too dependent on these assumptions to be discussed here. Additionally, observations and
modeling from Li et al. (2017) suggest that the wedge varies in time and detaches from the ice shelf, so that
assuming the wedge's existence between the blue and purple proﬁle seems unrealistic. Therefore we attempt
to consider only local melting to explain our results.
• (i) & (ii) Precipitation and Sea ice melting
Using ERA‐Interim forecast, we calculate mean precipitation rates over ocean points in the RSP region and
calculate a cumulative precipitation over three summer months. From 2009–2010 to 2014–2015 cumulative
precipitation ranges from 0.01 to 0.03 m.
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The RSP acts to export sea ice northward during winter, so the local sea ice thickness is not more than 1 m
(DeLiberty et al., 2011). While very little sea ice remains in spring to melt in situ, we can provide the higher
end estimate of FWI from sea ice melting by assuming that 1 m of sea ice melts locally. Following Zhou et al.
−Sice
(2014), we calculate FWI from sea ice melting using FWI ¼ SHSSW
H ice , where Hice = 1 m is the sea ice
SHSSW
thickness, and Sice = 7 g/kg is sea ice salinity. Therefore, FWI is 0.79 m.
Maximum combined input from sea ice melting and precipitation is 0.82 m over the summer. While this
explains 70% of FWC in red proﬁles, other seal proﬁles require additional fresh water sources.
• (iii) Basal melting input
The ISW outﬂow can transport basal meltwater from the cavity. If the plume is sufﬁciently buoyant, it stays
attached to the ice shelf base and, once out of the cavity, rises closer to the ocean surface. During winter, a
mixture of HSSW and meltwater is seen in the CH record. During summer, no ISW is recorded in the CH
mooring at any depths. An ISW plume has never been identiﬁed in the Western Ross Sea in sections along
the RIS front, and the ISW plume in the Central Ross Sea is neutrally buoyant and does not rise to the surface
(Jacobs & Giulivi, 2010; Smethie & Jacobs, 2005). Meltwater from the local melting in the frontal region may
be transported from the cavity and mixed with AASW. This meltwater can possibly outﬂow between CH5.5
and the interface, and so is not identiﬁed in CH5.5. Thus, we expect only a thin layer of local meltwater
outﬂow.
Observed melt rates from the frontal region (Horgan et al., 2011) exponentially decrease with distance from
the ice shelf front, which can be interpreted as a decrease in the inﬂuence of Mode 3 circulation over 60 km.
Using the exponential relationship with a decay rate of 1/11,900 m−1 from (Horgan et al., 2011), and
observed summer melt rates from the CH mooring (Stewart, 2017), we can deﬁne the basal meltwater input
per unit width of ice shelf front as
60;000 m 1 March
∫1 December Meltrateðt Þe−x=11900 dt

BMI ¼ ∫front

dx;

where x is in meters. Over three full summers of observations (2011–2012 to 2013–2014) BMI ranges from
8,022 to 8,866 m3/m. In summer 2010 the purple and blue seal proﬁles are located within 10 km from the
ice shelf front. Assuming all of the BMI is mixed over this small section of the ocean, the maximum possible
basal meltwater input is 0.80–0.89 m.
Therefore, the maximum combined input from sea ice melting, precipitation, and basal melting can be estimated as 1.71 m, which is sufﬁcient to explain the structure of the purple proﬁles, but describes only 50% of
the FWC seen in the blue proﬁles.
• (iv) Frontal ablation input
While no frontal melt rates assessments are available for comparison, one of the ways to distinguish between
basal and frontal meltwater is with δO18 measurements. Jacobs et al. (1985) identiﬁed a wedge adjacent to
the RIS ice front and deﬁned it as AASWG: a δO18 depleted version of AASW formed as a mixture of winter
surface water and glacial meltwater. In those observations, Jacobs et al. (1985) used oxygen isotopes to infer
that the melt water came from the “north wall of the ice shelf.” During the 1976–1978 cruises measurements
that were used to deﬁne AASWG were collected in early summer. This means that the water was saltier than
the reference water mass for summer, that is, AASW, as the summer had not yet approached its peak. We
expect that more meltwater was added to AASWG as the summer progressed.
It is unlikely that all of the remaining 1.73 m of fresh water that is needed to explain the blue proﬁles was
created from heat‐driven frontal melting of a section of ice shelf immediately adjacent to the location of
the blue proﬁles. Assuming an ice shelf thickness of 250 m and homogeneous mixing to a distance of
10 km from the ice shelf front, it would mean that frontal melting (retreat of ice front) was 69 m per unit
width of ice front over 3 months of summer melting (5,800 m3 of ice melted per 1 m wide section
each month).
Surface melting is negligible for the RIS in general (Oza, 2015). Short‐term melting events have been
observed for the RIS, but low surface ablation was recorded in 2010–2011 (Nicolas et al., 2017, their
Figure 1b). Satellite estimates of ice front ﬂux, such as in Rignot et al. (2013), cannot yet differentiate
between calving and frontal melting. If the calving event consists mainly of small bergy bits, they are
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likely to melt locally and be a source of freshwater for the wedge. The combined freshwater input from the
Western RIS (west of 180°) from Rignot et al. (2013) is 45 Gt (1 Gt= 109 kg) per year, which divided over
12 months, and approximately 300 km of ice front, (with ice density = 920 kg/m3) represents 1.3 × 104 m3
of ice per 1 m wide section per month. This is two times more than required to account for FWC in the blue
proﬁles. Thus, this meltwater is likely to spread out to more than 10 km from the ice shelf front, and possibly
advect with the Surface Current. Hence, ice front ablation, which includes calving of small icebergs as well
as frontal melt, can clearly account for the FWC in the blue proﬁles.
Additionally, freshwater input from the Eastern RIS (east of 180°; Rignot et al. 2013) is 100 Gt (1 Gt= 109 kg)
per year, which divided over 12 months, and approximately 500 km of ice front, represents 1.8 × 104 m3 of ice
per 1 m wide section per month. This water is also used to create wedges in the Eastern Ross Sea (more in
section 4), or is advected to the Western Ross Sea in the Surface Coastal Current.
• (v) Combined Fresh Water Inputs
It is clear that not enough observational evidence exists to create an all‐encompassing freshwater budget for
the Ross Sea. Additional fresh water advection and combinations of freshwater inputs are possible, as well as
inﬂuence of Ekman pumping and vertical mixing. However, it is not possible to account for all of the processes without modeling or more observations, that would include detailed observations along the ice shelf
front, including oxygen isotopes, Surface Current water properties and volume ﬂux, wedge variability in
both east‐west and north‐south direction.
3.2.2. Wedge Observations
Next we discuss available observations of the wedge. The seal proﬁles (Figures 8a and 8b) are consistent with
the wedge hypothesis, with the depth of the mixed layer decreasing from 150 to 30 m in seal proﬁles moving
away from the ice front (see location of proﬁles in Figure 2, colors correspond to proﬁles in Figure 8). In each
temperature proﬁle, signiﬁcant warming is evident directly beneath the fresh layer. There is no evidence of
deep summer mixing in the Ross Sea in either data presented here or other studies, so this cannot explain the
observed temperature maxima at 150–200 m. We therefore interpret these signals as representing AASW
that has been transported beneath the wedge. The shoaling of the mixed layer corresponds with the wedge
thinning out.
Prior to 20 February in 2010, seal proﬁles collected in McMurdo Sound (shown in gray in Figure 8, in black
in Figure 2) show seasonal warming and gradual freshening of the top layer. The shape of the proﬁle is also
representative of summer conditions in the Western Ross Sea along the Victoria Coast measured by other
seals in 2010–2014 (not shown). Proﬁles from late February 2010 collected in front of the RIS (blue, purple,
and red proﬁles of Figures 8a–8c) have a completely different shape. In these, the upper water column consists of a well‐mixed fresh and cold layer, which persists despite expected seasonal warming. This cold signal
is consistent with latent heat loss during interactions with the ice shelf front. Proﬁles from McMurdo Sound
and from the RSP region show similar degrees of freshening at the surface. However, in the RSP region the
freshening extends down to 150 m in a well‐mixed layer (blue and purple proﬁles in Figure 8).
This deep freshening signal appears unique to the frontal region of the ice shelf, and is not observed elsewhere in the Ross Sea. The summer surface mixed layer observed in the rest of the Ross Sea can be of similar
freshness, but in the Western Ross Sea is typically shallower than 20 m, and corresponds with strong summer warming (Orsi & Wiederwohl, 2009; Smethie & Jacobs, 2005). In McMurdo Sound a 200 m deep, cold
mixed layer was observed in front of the thin McMurdo Ice Shelf (Robinson et al., 2014), but was not as fresh
as was found in front of the RIS. The fresh signal in McMurdo Sound is attributed to Ice Shelf water outﬂow
from the RIS cavity. Thus, the combination of fresh, cold, and deep signals in the seal proﬁles is a distinct
feature in front of the RIS.
In summer 2011–2012 in CH5.5 record the warming appears earlier than the freshening because the two signals are related to different processes. (i.e., spring opening in sea ice was 4 November 2011; the maximum
SST in the area of polynya was on 24 January 2012; the maximum temperature in CH5.5 record was on 12
February 2012; and the minimum salinity in CH5.5 record was on 1 March 2012; Figure 5). The water that
slips under the wedge has a clear warm signal, but is not clearly differentiated in salinity (Figure 8). We do
not expect water with salinity of 34.2 g/kg (the minimum salinity observed beneath the ice shelf) is able to
enter the cavity from the Ross Sea surface layers, because the TS diagram of CH5.5 data (Figure 8d) suggests
that the salinity minimum is a response to local melting with little mixing. The wedge also does not promote
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a fresh signal entering the cavity: Frontal melting creates a rising meltwater plume (see Figure 7d for sketch),
while the inﬂowing water seen under the wedge has a clear AASW signal (not freshened). Inﬂowing warm
water with salinity 34.5 g/kg is comparable to AASW values.
Other data sets also support the wedge hypothesis. The mean ﬂow record from CH7.5 (Figure 6) conﬁrms the
consistent summer inﬂow. The along‐front Coastal Current supported by katabatic winds may stabilize the
freshwater wedge. The rotation effect of the Coriolis force on the along‐front current can keep the current
attached to the ice front. Tidal pumping in the top of the water column next to the ice front is likely to
increase frontal melting (by increasing water velocities) and enhance horizontal mixing, allowing the wedge
to spread into the open Ross Sea. Rectiﬁed tidal currents may act as additional forcing to move water along
the isopycnals into the cavity. Similarly, established JC6 circulation can move water into the cavity once it
is downwelled.
The proposed wedge mechanism relies on local seasonal warming of surface waters and ablation of the ice
shelf, and therefore can be strengthened if other processes, such as Ekman pumping or freshwater advection,
act in the same direction. We anticipate seeing a response to local warming in spring and thinning of the
wedge as distance from the ice shelf front is increased. While having a wedge is not a direct cause of inﬂow,
it is impossible to explain the observed inﬂow of summer surface waters into the cavity and the downward
shift of the surface waters under the ice shelf without the wedge. Once established in spring, the wedge
allows other processes to push surface water into the cavity with little mixing.

4. Discussion
The freshwater wedge has been observed next to the RIS front in the western Ross Sea in many along‐shelf
and across‐shelf oceanographic sections. First deﬁned in a cross‐front section from 1976 by Jacobs et al.
(1985), it can also be traced in later observations (Figure 9). In oceanographic sections it is possible to identify the freshwater volume next to the ice shelf front and possibly the temperature inversion underneath it.
However, cavity inﬂow has not previously been measured, so cannot be positively identiﬁed. In Figure 9 we
present an overview of the TS observations. There are no clear criteria for when the wedge is observed, as
observations were taken at different times during summer, next to the entire RIS front, and at different distances from the front position.
The AASWG water mass deﬁnition is based on observations in January 1979 (Figure 9a), where glacial meltwater added to the early summer surface water generated a distinctive “hook” when displayed in a TS diagram. These proﬁles are different from the usual observations distant from the ice shelf, which have the
warmest layer, AASW, at the surface. We suggest that this characteristic proﬁle shape in summer observations along the ice shelf front indicates the presence of the freshwater wedge. The temperature inversion
demonstrates surface waters downwelling under the wedge, and so they have a potential to enter the ice
shelf cavity. In the CH mooring data, Stewart (2017) determined that the meltwater mixing line, a Gade line,
has a gradient of a 2.6 K per practical salinity unit. The Gade line shows mixing of glacial meltwater with
another water mass, but does not deﬁne the source of meltwater (basal or frontal; Gade, 1979). We have
added a Gade line with this gradient to the TS diagrams, identifying the warmest layers and plotting the gradient from it, but this is not ﬁtted to the data itself. Observations coincident with the mixing line indicate that
the warmest layers are located at 100–200 m depths, and the surface layers are cooled and freshened by glacial meltwater. The shape of the TS diagram deﬁnes the wedge more stringently than the actual values of
temperature and salinity and reﬂects the mechanism of its generation. Using the hook as a deﬁnition of
the properties of a wedge, we can see that the wedge has been observed in both the Eastern and Western
Ross Sea in 2000 (Figure 9d) and 2007 (Figure 9e). In order to differentiate AASWG inversion from
mCDW inversion, we plot observations from top 200 m in a lighter shade.
During 1979, most of the oceanographic stations were located at the ISW outﬂow location (sketch Figure 7c).
The signal is clearly seen in the TS diagram, where ISW can be easily separated from the wedge (Figure 9a).
The wedge water is both fresher and warmer than ISW, so cannot be a derivative of ISW. The wedge is
also located on top of the ISW outﬂow in the Central Ross Sea in 1978 and 1984, which corresponds with
Figure 7c scenario. We do not expect inﬂow of surface water in this case, as background currents show
outﬂow from the cavity.
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Figure 9. Wedge observations in 1978–2016. For each year we show a map of locations, where crosses are colored same as proﬁles in the TS diagrams. On TS
diagrams black line represents a Gade line, ovals represent the wedge signal. TS data are colored in lighter shade for depth above 150 m, and in darker shade for
depth below 150 m. (a) Red proﬁles are from February 1979; black proﬁles are from January 1978. (b) Proﬁles from early February 1984. (c) Proﬁles from early
February 1994. (d) Proﬁles from early January 2000. (e) Proﬁles from early February 2007. (f) Seal proﬁles from late February 2010, same as Figure 8. (g) Seal proﬁles
from February 2014 (h) Seal proﬁles from February 2016. mCDW = Modiﬁed Circumpolar Deep Water. ISW = Ice Shelf Water.

During 1984, the wedge was located between 172°W and 178°E. To the east of the dateline, the wedge is
located above the mCDW inﬂow in the cavity (Figure 9b). The double temperature inversion in the TS diagram is further evidence that the AASW temperature maximum (not at the surface) is different from the
mCDW maximum. To the west of the dateline, the wedge is located above the primary ISW lobe. In both
1984 and 1994 in the Eastern Ross Sea the whole water column is signiﬁcantly fresher, but also shows a double hook (shallow AASWG inversion and deep mCDW inversion).
Only in 2000 was the wedge consistent along the whole RIS, but it was not identiﬁed in McMurdo Sound in
that year (see Smethie & Jacobs, 2005, their Figure 2). Observations from 1984, 2000, and 2007 (see
Figures 9b, 9d, and 9e) show that the wedge can be locally formed both in the Eastern and Western Ross
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Figure 9. (continued)

Sea, and that the proﬁles from the Eastern Ross Sea have lower salinity in the whole water column
(freshwater inﬂow from the Amundsen Sea). Observations from 2007 show a warm (above −1.6 °C) layer
between 200 and 300 m at 170–180°W. Jacobs and Giulivi (2010) hypothesize that this could be attributed
to eddies moving westward from the main inﬂow path. The wedge‐related hook is seen again in the
shallower parts of the water column.
During 2010, 2014, and 2016 seal proﬁles next to Ross Island show that this location also experiences interannual variability. Blue proﬁles from 2010 (Figures 8 and 9f) are most comparable to red proﬁles from 1994
(Figure 9c), also taken close to Ross Island. In 2010 and 2014 the temperature maximum is signiﬁcantly deeper than in previous years (215 and 234 mbsl, respectively). This is most likely related to a speciﬁc location of
seal proﬁles, although interannual variability clearly exists (see proﬁles from 1994, 2016).
Li et al. (2017) observed a cold and fresh layer up to 150 m deep immediately adjacent to the ice shelf front
(their Figures 5a and 5b, stations 61–62), which was able to detach from the coastal current and travel as two
eddies away from the front as a result of the irregular shape of the ice shelf front. Observations of the cores of
the eddies showed that low‐salinity cold anomalies were retained as 80–120 m deep lenses (their Figure 4b).
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Next to the ice shelf, only one out of ﬁve CTD stations showed a cold and fresh anomaly, suggesting high
variability in the wedge existence. Their study was aimed at explaining the anomaly next to the ice shelf
front, using ROMS modeling. Modeling with basal melting and increased wind forcing showed the formation of a cold and fresh wedge next to the ice shelf front, but did not produce 150 m downwelling (see
section 3.1 of the present paper for details on downwelling). Detachment of eddies may be the reason for irregular observation of the wedge during 1976–2007.
A study by Arzeno et al. (2014) focused on observations from CH location from 22 November 2010 to 17
January 2011 and modeled the observed melt rates with ROMS. During the 2 months of observations the
inﬂow of AASW did not occur, but the authors noted that high melt rates in the frontal zone were connected
to the ocean state in the RSP. We see the inﬂow of the AASW in the CH mooring redeployment that started
on 24 January 2011. We note that signiﬁcant smoothing of ice shelf draft, inherent in sigma‐coordinate models such as ROMS, creates isopycnals which act as a de‐facto wedge in front of the ice shelf front, thus allowing for surface water inﬂow without speciﬁcally including the wedge process. Including tidal current in
modeling, such as in Arzeno et al. (2014), allows for more surface water to enter the cavity along smoothed
isopycnals. Therefore, we infer that this study supports the existence of smoothed isopycnals in front of the
ice shelf, which in reality are represented with the wedge. In contrast z‐level models with a similar resolution
would not resolve this process without explicit wall melting.
The importance of ice front melting needs to be assessed in a coupled z‐level model with a sloping ice
shelf base (for ISW outﬂow tests), high spatial resolution (for resolving a plume of meltwater next to
an ice shelf front), sea ice thermodynamics (for polynya effects) coupled with atmosphere forcing and
sea ice dynamics (for Ekman pumping and wind mixing assessments). In addition, a coupled ice
sheet‐ocean model is required to differentiate between frontal and basal melting in case of a smooth
ice shelf draft proﬁle. Such tests are out of the scope of this study, but represent an interesting and challenging problem. Further development of existing studies that examine the fate of freshwater, such as
Regan et al. (2018), is a possible pathway to a freshwater balance calculation. An interesting test would
be, for example, to see if Ekman pumping delivers surface water into the cavity with weaker easterly
winds when frontal melting is included in the model of Fimbul Ice Shelf. Alternatively, if tidal mixing
and rectiﬁed currents can deliver surface waters into the cavity without frontal melting or smoothing
of the ice shelf front.
Similar poleward deepening of isopycnals next to other ice shelves has been observed. For example, Moffat et
al. (2008) observed a wedge next to the Antarctic Peninsula, which is linked to the Coastal Current. The FWC
of that current is primarily explained by runoff from land and precipitation over ocean. Zhou et al. (2014)
showed the wedge seasonal progression (their Figure 2) in the Eastern Weddell Sea, where easterly winds
pile up surface water next to ice shelves. While all of the wedges can have difference sources of freshwater,
they are likely to play a similar role in Mode 3 melting of the ice shelves: a creation of an efﬁcient pathway for
surface waters to enter the cavity.

5. Conclusions
A freshwater wedge has been identiﬁed as a feature next to RIS front. The wedge supports Mode 3 circulation
under the ice shelf. The wedge is characterized as freshened ocean water forming a surface, or near‐surface
structure that thins with distance from the ice wall. In the case of the Ross Sea, observations revealed the
wedge was 0.8 g/kg fresher than ambient surface waters. The wedge next to the ice shelf front curves isopycnals that allow other mechanisms of Mode 3 circulation to operate more efﬁciently. For example, the wedge
may allow tidal currents to move surface water along isopycnals and into the cavity. Existing circulation cell
patterns in the Western Ross Sea also supports inﬂow into the cavity.
Changes in sea ice cover next to ice shelf fronts, and hence changes in solar heating, will likely have a direct
effect on ice shelf vulnerability. The wedge provides an efﬁcient mechanism by which surface waters can be
transported into the cavity even in the absence of other forcing. It therefore promotes a process that signiﬁcantly and immediately connects ice shelf evolution to seasonally varying and climatically relevant open
water conditions. Further research is required to predict the likely net effect on overall ice shelf stability
via this mechanism, especially as it interacts with other processes.
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