
Geophysical Research Letters

Observed platelet ice distributions in Antarctic sea ice:
An index for ocean-ice shelf heat flux
P. J. Langhorne1, K. G. Hughes1, A. J. Gough1, I. J. Smith1, M. J. M. Williams2, N. J. Robinson2,
C. L. Stevens2,3, W. Rack4, D. Price4, G. H. Leonard5, A. R. Mahoney6, C. Haas7, and T. G. Haskell8

1Department of Physics, University of Otago, Dunedin, New Zealand, 2National Institute of Water and Atmospheric
Research, Wellington, New Zealand, 3Department of Physics, University of Auckland, Auckland, New Zealand, 4Gateway
Antarctica, University of Canterbury, Christchurch, New Zealand, 5School of Surveying, University of Otago, Dunedin, New
Zealand, 6Geophysical Institute, University of Alaska Fairbanks, Fairbanks, Alaska, USA, 7Earth & Space Science &
Engineering Department, York University, Toronto, Ontario, Canada, 8Callaghan Innovation, Wellington, New Zealand

Abstract Antarctic sea ice that has been affected by supercooled Ice Shelf Water (ISW) has a unique
crystallographic structure and is called platelet ice. In this paper we synthesize platelet ice observations
to construct a continent-wide map of the winter presence of ISW at the ocean surface. The observations
demonstrate that, in some regions of coastal Antarctica, supercooled ISW drives a negative oceanic heat
flux of −30 W m−2 that persists for several months during winter, significantly affecting sea ice thickness.
In other regions, particularly where the thinning of ice shelves is believed to be greatest, platelet ice is not
observed. Our new data set includes the longest ice-ocean record for Antarctica, which dates back to 1902
near the McMurdo Ice Shelf. These historical data indicate that, over the past 100 years, any change in the
volume of very cold surface outflow from this ice shelf is less than the uncertainties in the measurements.

1. Introduction

Ice shelf basal melting is the largest ablation process in Antarctica [Rignot et al., 2013; Depoorter et al., 2013].
This process freshens and cools the fluid in the ice shelf-ocean boundary layer, producing Ice Shelf Water (ISW)
that has a potential temperature below the surface freezing point [Foldvik and Kvinge, 1974; Jacobs et al., 1985].
If the ISW moves to shallower depths, the rise in its pressure-dependent freezing point may force it to become
supercooled in situ, causing ice crystals to persist and leading to the possibility of buoyancy-driven instability
[Jordan et al., 2015]. These frazil ice crystals collect under the ice shelf [e.g., Craven et al., 2014], and if ocean
currents are favorable, they are also carried out from the ice shelf cavity and deposited beneath neighboring
sea ice [e.g., Tison et al., 1998; Gow et al., 1998; Günther and Dieckmann, 1999; Robinson et al., 2014]. If they
continue to be bathed in supercooled water, the crystals grow [e.g., Wright and Priestley, 1922; Treshnikov,
1963]. This is most apparent close to the sea ice-water interface where the potential for pressure-induced in
situ supercooling is greatest [Leonard et al., 2006, 2011]. The crystals, including ice that has been advected into
place and ice that has grown in situ [Dempsey et al., 2010; Smith et al., 2012; Gough et al., 2012a], may form a
sub-ice platelet layer: a porous and friable layer in an evolving state of consolidation [Moreçki, 1965; Crocker
and Wadhams, 1989] (Figure 1). Particle scavenging during the rise of frazil crystals, combined with the large
surface area of the crystals and the ease of nutrient exchange in the porous sub-ice platelet layer, means that
this habitat harbors some of the highest concentrations of sea ice algae on Earth [Arrigo et al., 2010]. An algal
“superbloom” can therefore be linked to its presence [Smetacek et al., 1992; Bombosch, 1998].

However, supercooling alone is not sufficient for the formation of a sub-ice platelet layer. The modeling of
Dempsey et al. [2010] suggested that a critical flux of ice crystals from the ocean must be exceeded and that
this flux depends on the rate at which the solid, upper part of the sea ice is growing; i.e., a sub-ice platelet
layer only forms when the conductive heat flux to the atmosphere is sufficiently low. This picture has been
confirmed by observation [Mahoney et al., 2011; Gough et al., 2012a].

Incorporated platelet ice is formed when the water between the crystals of the sub-ice platelet layer freezes
[Jeffries et al., 1993; Gow et al., 1998; Smith et al., 2001]. Thus, we refer to ice crystals in the water column as frazil
and define incorporated platelet ice and the sub-ice platelet layer as in Figure 1. We use “platelet ice” as the
generic term for the latter two cases. While platelet ice is forming, the water a few centimeters below the tips of
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Figure 1. Schematic diagram of the development of incorporated platelet ice and a sub-ice platelet layer. Time
progresses from left to right, with the time of initial sea ice formation given by tform. At the end of winter (tend) with
z = 0 at the sea ice surface, the vertical location (positive upward) of the snow (Hsnow), transition from granular or
columnar ice to incorporated platelet ice (Hpt), sea ice base (Hice), and the base of the sub-ice platelet layer (Hpl) are
shown, each with an uncertainty. The change from columnar ice to incorporated platelet ice takes place at time tpt.
The conductive heat flux, Fc , and oceanic heat flux, Fw , are indicated. The heat to the ocean, integrated over winter
(shaded in blue), can be calculated from the total thickness of platelet ice and its solid fraction, 𝛽 (figure adapted
from Gough [2012]).

the crystals is supercooled. Conversely, the persistent absence of supercooling implies an absence of platelet
ice [Smith et al., 2001]. Sea ice crystallography is therefore very sensitive to the presence of supercooled ISW
and retains the history of some of the properties of the near-surface ocean during its winter freezing. Other
physical properties, such as sea ice salinity, are insensitive [Gough et al., 2012b].

Platelet ice causes sea ice to be thicker than it would otherwise be [Smith et al., 2012; Hoppmann et al., 2015a].
In late winter, in first year sea ice close to an ice shelf, at least 0.25 m of the 2 m thick cover forms due to heat loss
to the ocean [Purdie et al., 2006; Gough et al., 2012a]. Similarly, multiyear fast ice, attached to the Mertz Glacier
tongue, was estimated to be between 10 and 55 m thick, and frazil accumulation must have contributed to
its thickness [Massom et al., 2010].

Sea ice thickness is also influenced by the stabilization of the upper water column by meltwater in front of
an ice shelf. Using an ocean model with ice shelf cavity thermodynamics, Hellmer [2004] predicted that sea
ice is up to 0.2 m thicker for this reason. Since ice shelves occupy 44% of the coastline [Drewry et al., 1982],
this affects large areas of the Southern Ocean. While the influence on sea ice thickness is well established, the
contribution of ice shelf melting as a factor in the unexplained discrepancy between global climate models
and satellite-derived sea ice extent around Antarctica is more controversial [Bintanja et al., 2013; Swart and
Fyfe, 2013; Holland et al., 2014]. We conclude that a heat flux to the ocean, the spatial distribution of surface
supercooling, and the distribution of platelet ice are all manifestations of the same physical process.

One aim of this paper is to explore the observational evidence for the presence of supercooled ISW at the
surface of the Southern Ocean by choosing near-surface oceanic heat flux as a suitable index from which to
construct a continent-wide map. The implication is that sea ice at these locations may grow thicker due to an
additional heat loss to the ocean. A second aim is to examine decadal-scale temporal changes by recognizing
that the presence of platelet ice in Antarctic coastal sea ice is a measure of the heat deficit in an ice shelf cavity.
In one location, historical data allow us to compare present-day conditions with those over a century ago.

2. Methods
2.1. Calculation of Oceanic Heat Flux as an Index for Supercooled ISW
We choose oceanic heat flux calculated from sea ice measurements as the most appropriate quantifiable
index, arguing that it is one immediate measure of change to the rate of ice shelf basal melting and refreez-
ing. The heat flux to the ocean is calculated under the assumption that all the ice of the sub-ice platelet
layer and a fraction of the incorporated platelet ice have been formed due to heat loss to the water column
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(see Figure 1). At time tend, toward the end of winter, the vertical locations of the transition to incorporated
platelet ice (Hpt), the sea ice base (Hice), and sub-ice platelet layer base (Hpl) may be determined. As win-
ter progresses, the oceanic heat flux, Fw , changes from positive to negative (i.e., downward into the ocean),
and at approximately this time, tpt, a sub-ice platelet layer first forms below the sea ice. The conductive
heat flux through the sea ice, Fc, decreases with time principally because the sea ice, with its snow cover,
becomes thicker.

The average negative heat flux over the last few months of winter may be estimated from measurements of
the thickness of the platelet ice, using

⟨Fw⟩ =
(

Hpl − Hpt

)
𝛽𝜌iceLice

tend − tpt
(1)

where 𝜌ice and Lice are the density and latent heat of ice within the sub-ice platelet layer, for which we use
values for pure ice (as described in Gough [2012]). |||Hpl − Hpt

||| is the total thickness of the platelet ice and
includes any fraction that has been incorporated into the sea ice structure by advancing congelation ice. 𝛽 is
the ice volume fraction within a sub-ice platelet layer, or the fraction of the incorporated platelet ice that was
formed due to heat loss to the water column. 𝛽 is assumed to be a constant [Smedsrud and Skogseth, 2006].

Crystallographic examination of sea ice structure yields the thickness at which incorporated platelet ice first
occurs in a sea ice core (Hpt). If we can trace back the thickness history of the sea ice, this can be used to
approximate tpt. Once a sub-ice platelet layer is established, and assuming that supercooled water continues
to be present beneath the sea ice [Leonard et al., 2011], the sub-ice platelet layer (at depth Hpl) advances
faster than the ice (at depth Hice). From studies of platelet ice formation in McMurdo Sound and as argued
in Gough [2012], we assume that the sub-ice platelet layer begins to grow at the start of July when the sea
ice thickness is Hpt = 1.50 m. Thus, a single pair (Hpt, tpt) is used instead of many possible combinations. Hpt

and tpt are combined in (Hpl−Hpt)
tend−tpt

in equation (1), and the error in this effective growth rate is considered to

be approximately 35% [Gough, 2012]. Occasionally multiyear sea ice has been sampled, and Gough [2012]
discusses the treatment of such data.

There is a large uncertainty in the ice volume fraction, where a range of values have been determined by
different methods: heat flux from sea ice temperatures 𝛽 = 0.25 ± 0.06 [Gough et al., 2012a], freeboard
and thickness measurements 𝛽 = 0.16 ± 0.07 [Price et al., 2014], platelet layer conductivity from multifre-
quency electromagnetic induction sounding 𝛽 = 0.29–0.43 [Hunkeler et al., 2015], buoyancy and volume
measurements of ice crystals on ropes 𝛽 = 0.25–0.30 [Mahoney et al., 2011], frazil/grease ice samples from a
polynya 𝛽 ∼0.25 [Smedsrud and Skogseth, 2006], comparison of modeled and observed sea ice growth rates
𝛽 = 0.25 ± 0.10 [Hoppmann et al., 2015b], and modeling 𝛽 ∼0.22 [Wongpan et al., 2015]. Noting this range of

values, we choose 𝛽 = 0.25 ± 0.09 (uncertainty of 36%), which combines with the uncertainty in (Hpl−Hpt)
tend−tpt

to

give an uncertainty in ⟨Fw⟩ of approximately 50%.

2.2. Other Data Sources
The data set that has been compiled for this project (see supporting information) identifies the influence on
sea ice of supercooled ISW at the ocean surface through (i) observations of frazil ice in the near-surface ocean
and on objects submerged in the water, (ii) the acoustic or visual detection of frazil ice in the water column,
(iii) the presence of an algal superbloom that can be linked to the presence of platelet ice, (iv) measurements
of the thickness of the sub-ice platelet layer, and (v) crystallographic records from sea ice cores. All Antarctic
sea ice cores for which there is a description of the crystallographic structure of the sea ice are included. We
do not include cores if there is no crystallographic information.

3. Results

Positive observations of frazil and platelet ice at the ocean surface in Figure 2a (see supporting information for
sources) coincide with locations where there is colder water at a depth of 200 m (i.e., less than 0.5∘C above the
surface freezing point) from the World Ocean Circulation Experiment data [Gouretski and Koltermann, 2004].
Negative observations are those where sea ice structure does not contain any signature of platelet ice. Data
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Figure 2. (a) Positive (in blue, green, and purple) observations of frazil and platelet ice in land-fast and drifting sea ice
around Antarctica. Negative (in red and orange) observations imply sea ice structure reported without platelet ice. Data
are plotted on a background of ocean temperature at 200 m relative to surface freezing point [Gouretski and Koltermann,
2004]. (b) Expanded and inverted view of McMurdo Sound (shown by red outline in Figure 2a). The shaded regions
Erebus Glacier Tongue (EGT) and Hut Point (HP) are referred to in Figure 4. (c) Oceanic heat flux around Antarctica and
(d) McMurdo Sound, derived from platelet ice measurements using equation (1). Note that −10 W m−2 is equivalent to
∼3 mm d−1 growth of solid ice.

have been collected from 1902 until 2013, with the densest concentration of data in the southwestern Ross
Sea (shown expanded and inverted in Figure 2b). In addition to McMurdo Sound, extreme examples of surface
supercooling are seen near Mirny [Moreçki, 1965] where ice has been observed on ropes from the surface
to 52 m.

In some regions of Antarctica there are few measurements. Where there are sufficient data to use equation
(1), we show late-winter oceanic heat flux around Antarctica (see Figure 2c). To provide context, we note that
−10 W m−2 is equivalent to ∼3 mm d−1 growth of solid ice. As expected, all negative heat fluxes are close to
the outflow region of a major ice shelf.
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Figure 3. Oceanic heat flux in McMurdo Sound calculated at sites shown by red dots from equation (1) with 𝛽 = 0.25
and interpolated using a Gaussian weighting function. Contoured data are principally from 1986 [Crocker, 1988],
2009 [Gough, 2012], 2011 [Price et al., 2014; Hughes et al., 2014], and 2013. In addition, various smaller data sets of
sub-ice platelet layer thickness are included from the literature (see supporting information). In 2011 and 2013,
five measurements were averaged for each value of Hice and Hpl [Price et al., 2014; Hughes et al., 2014]. Late-winter
oceanic heat fluxes, deduced from sea ice temperature measurements, were ⟨Fw⟩ ≈ −10 W m−2 in 1997 and 1999 at
site T [Trodahl et al., 2000; Smith et al., 2012] and 2009 at site G [Gough et al., 2012a] and ⟨Fw⟩ ≈ −5 W m−2 in 2003 at
site P [Purdie et al., 2006]. Cross hatching indicates regions where the uncertainty in oceanic heat flux is greater
than ± 50%.

The paucity of observations in Figure 2c may be because there are few places where there is significant neg-
ative oceanic heat flux at the surface. In some regions near massive ice shelves, such as around parts of the
Filchner-Ronne or Amery Ice Shelves, the ISW emerges at depth [e.g., Dieckmann et al., 1986; Nicholls et al.,
2009; Shi et al., 2011; Zheng et al., 2011]. To be detectable in this study, the ISW must reach the ocean surface
before the very cold water is warmed by exchange with the surrounding ocean. In other cases water that is sea-
sonally warmer than the freezing point interacts with the ice shelf front at shallow depths [Jacobs et al., 1992],
driven downward by processes such as wind forcing. Observations indicate that this is happening below the
Fimbul Ice Shelf [Hattermann et al., 2012] and provides a possible explanation for the lack of platelet ice in
this region. Platelet ice formation may also be masked by the frequent existence of a polynya at an ice shelf
front. Alternatively, there may simply be insufficient data coverage around the continent. McMurdo Sound
(Figures 2b and 2d) is well placed as an outflow region for the Ross Ice Shelf cavity [Robinson et al., 2014; Hughes
et al., 2014], and we examine this location in more detail.

3.1. McMurdo Sound: Spatial Distribution of Oceanic Heat Flux (1986–2013)
Observations of platelet ice are particularly common in McMurdo Sound in the southwestern Ross Sea [e.g.,
Paige, 1966; Crocker, 1988; Jeffries et al., 1993; Gow et al., 1998; Gough et al., 2012a; Hughes et al., 2014]. The
mean, late-winter, oceanic heat flux deduced from equation (1) is shown in Figure 3. Contours of heat flux are
in agreement with late-winter oceanic heat fluxes, deduced from sea ice temperature measurements [Trodahl
et al., 2000; Purdie et al., 2006; Smith et al., 2012; Gough et al., 2012a].

3.2. McMurdo Sound: Temporal Evolution of Oceanic Heat Flux (1902–2013)
McMurdo Sound observations of (i) the presence (or absence) of incorporated platelet ice in sea ice cores,
(ii) the thickness of a sub-ice platelet layer, and (iii) ice attached to ropes and lines submerged in the water
column are all used as proxies for the volume of platelet ice from 1902 to 2013 (Figure 4). Only observations
within 7 km of Hut Point (HP) or the Erebus Glacier Tongue (EGT) (measurements within shaded circles in
Figure 2b) are used in the times series so that the data are not influenced by the effects of the spatial distribu-
tion of ⟨Fw⟩ (Figure 3). These two sites experience conditions that are consistent with our schematic diagram
(Figure 1), i.e., first year sea ice with summer ocean surface temperatures above the freezing point.
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Figure 4. Timeline of sea ice observations in McMurdo Sound, 1902–2013, at sites within the shaded regions near
EGT (Erebus Glacier Tongue) and HP (Hut Point) as shown in Figure 2b. Data compiled from sea ice structure, with
incorporated platelet ice in cores in blue at bottom and other ice types in red above; sub-ice platelet layer thickness
(shown as grey crosses); and maximum annual ice accumulated on ropes (shown as grey hexagons). For some years
there are multiple observations of ice on ropes/sub-ice platelet layer. Maximum depths have been indicated with the
shallower depths being marked as pluses/diamonds. Instances where there is an absence of a sub-ice platelet layer
are shown as red arrows. All data are first year sea ice except where identified as multiyear ice.

These observations are supplemented with near-surface winter oceanographic measurements (within 50 m
of the ocean surface), beginning with the 1911 measurements of Nelson [Deacon, 1975]. Figure 5a shows that,
within measurement error, winter ocean surface temperature appears unchanged since the early 1900s (see
data sources in the supporting information), while the salinity within the upper 50 m of the water column
(Figure 5b) has probably decreased after the 1960s. The change that this makes to the freezing temperature
is within the error of the historical measurements. Consequently, ocean surface temperatures have been held
10–20 mK below the surface freezing point (Figure 5c) from June to November in 1960 and in 2009, implying
little temperature change over five decades.

4. Discussion
4.1. Oceanic Heat Flux Index Reliability
In this work we have selected the mean late-winter oceanic heat flux as a quantifiable index, arguing that this
is one immediate measure of change to ice shelf basal melting and refreezing. Instead, we might have chosen
to calculate the total thermal energy involved in the freezing of platelet ice (in MJ m−2 annum−1). In contrast
to the thermal energy, the oceanic heat flux used here is insensitive to the precise time of year at which the
observations are made, because platelet ice thickness and observation date are linked. As a result, there would
be greater uncertainty in the calculation of thermal energy than in heat flux. We now explore the reliability of
the heat flux index we have constructed.

In McMurdo Sound, the pattern of oceanic heat flux (Figure 3) mimics previous measures of late-winter surface
supercooling [Lewis and Perkin, 1985], qualitative observations of the relative distribution of crystals observed
on ropes and under sea ice [Barry, 1988], and the relative abundance of platelet ice in cores [Dempsey et al.,
2010]. This pattern is known to be driven by the circulation in the Sound [Barry, 1988; Dempsey et al., 2010;
Robinson et al., 2010, 2014]. More importantly, there is also good agreement between the magnitude of our
constructed oceanic heat flux (Figure 3) and measurements derived from sea ice temperatures in eastern
McMurdo Sound [Trodahl et al., 2000; Purdie et al., 2006; Gough et al., 2012a; Smith et al., 2012]. The persistence
of ISW influence beyond the ice shelf front also concurs with estimates in excess of 200 km, derived from salt
diffusivity and current measurements [Stevens et al., 2009] and from modeling [Hughes et al., 2014]. Thus, the
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Figure 5. Seasonal variation in surface ocean (a) temperature, (b) salinity, and (c) potential supercooling in McMurdo
Sound from 1911 to present. Data were smoothed with a Gaussian weighting function with 𝜎 = 7 days. Asterisks
indicate Deacon [1975] reported data collected by E. W. Nelson.

agreement between the heat flux index and the available measurements (Figure 3) gives us confidence to
extrapolate our ideas to historical and continent-wide estimates.

Modeling has shown that an increase in flux of supercooled ISW causes a thicker sub-ice platelet layer [Hughes
et al., 2014], while the thickness of incorporated platelet ice in sea ice cores records the length of time that
surface ISW is present each year [Leonard et al., 2006; Mahoney et al., 2011]. Consequently, we conclude that
the thickness of the incorporated platelet ice and the sub-ice platelet layer are correlated with the volume
of supercooled ISW emerging from the cavity in 1 year. While the century-long sea ice record is not of suffi-
cient quality to derive a quantitative index, it indicates that there is little evidence of change in the thickness
of platelet ice in eastern McMurdo Sound in the period 1902–2013 (Figure 4). This is confirmed by the super-
cooling measurements in winter (April to November) shown in Figure 5c. There also appears to have been
little change in winter ocean surface temperature in McMurdo Sound between 1911 and 2009, while the
salinity within the upper 50 m of the water column has probably decreased. The 2003 record is influenced
by the temporary presence of giant icebergs [Robinson and Williams, 2012], but comparing 1960 winter salin-
ity measurements with those of 2009 yields a decrease of ∼0.04 decade−1. This is in agreement with an
observed decrease in summer salinity of 0.03 decade−1 at depths below 200 m in the southwestern Ross
Sea (1958–2008) [Jacobs and Giulivi, 2010]. In spite of the freshening, ocean surface temperatures are held
10–20 mK below the freezing point during winter (Figure 5c), due to the efficiency of frazil formation, the
presence of crystallization nuclei and the regulating influence of basal melting in the ice shelf cavity.
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4.2. Relationship of Oceanic Heat Flux Index to Present-Day Antarctica
The derived heat fluxes are of similar magnitude, but opposite in sense, to those involved in polynya formation.
For example, the oceanic heat flux in McMurdo Sound is similar to the areal mean heat flux of 25 W m−2 which
maintained the Maud Rise sensible heat polynya in the eastern Weddell Sea [Muench et al., 2001]. Clearly a flow
of heat to the ocean is important near ice shelves and leads to thicker sea ice than would otherwise be found
around coastal Antarctica. In turn, more energy must be required to melt sea ice in the regions identified on
our map (Figure 2c). Our results provide observational evidence of the important role of ISW, which needs to
be considered in regional models of the ocean or sea ice.

There are also implications for the stability of ice shelves. Deposits, similar to platelet ice, make a significant
contribution to the thickness of the major ice shelves [e.g., Bombosch, 1998]. The presence of platelet ice in the
sea ice can be a signature of these deposits extending beyond the ice shelf front, and its absence correlates
well with those regions where the thinning of ice shelves is believed to be greatest [e.g., Paolo et al., 2015].

4.3. Future Measurements
Our knowledge of the pervasiveness of the influence of ISW is limited by the paucity of measurements. A
remote sensing approach might resolve this limitation. Under first year sea ice, it has been shown that it is
possible to detect the sub-ice platelet layer using electromagnetic induction techniques [Rack et al., 2013;
Hunkeler et al., 2015], and this offers promise for more extensive surveys using aircraft. Currently the indirect
detection of the platelet layer is at the limits of resolution for satellite altimetry [Price et al., 2014], although
it is indicated that a thick sub-ice platelet layer beneath coastal fast ice is identifiable in McMurdo Sound,
where freeboard anomalies were found to coincide with the sub-ice platelet layer [Price et al., 2013]. However,
if airborne and satellite remote sensing estimates of the extent of influence of ISW are to be made, they need
to be supported by in situ observation, and supplemented by modeling at a range of scales.

5. Conclusion

The volume of supercooled ISW at the ocean surface is not only a measure of processes taking place beneath
the ice shelf, but it also influences the state of the sea ice, its thickness, and longevity. The inclusion of platelet
ice into first year sea ice is an annual process and hence will be an immediate response to changes in the
sub-ice shelf circulation pattern and its export of supercooled water. Further, platelet ice enhances primary
production as it hosts the highest concentrations of sea ice algae to be found on Earth [Arrigo et al., 2010]. Any
change in the highly productive platelet ice habitat in a warming ocean will have consequential effects across
the rest of the Southern Ocean ecosystem. Yet the pervasiveness of platelet ice, subsurface supercooling, and
negative oceanic heat flux around Antarctica have previously been poorly known.

In this paper we have combined data from a range of sources, including some of the first Antarctic geophys-
ical measurements from more than a century ago, to formulate an oceanic heat flux index as a measure of
the presence of supercooled ISW at the ocean surface. The derived negative ocean heat fluxes associated
with platelet ice growth are comparable in magnitude to heat fluxes associated with well-known recurring
polynyas. We have constructed a continent-wide map that reflects the production and transport of ISW, which
may be used to evaluate ice shelf-ocean modeling, and models that estimate primary productivity.

The most extensive data set, which includes our new results, extends north of the combined Ross and
McMurdo Ice Shelf front in the southern Ross Sea. Here the surface water is held just below its freezing
point as it enters McMurdo Sound from beneath the McMurdo Ice Shelf. Since the early twentieth century
there has been no detectable change in the volume or temperature of this supercooled ISW under sea ice, a
result in keeping with changes in the satellite altimeter-determined thickness of the western Ross Ice Shelf
(1994–2012) [Paolo et al., 2015]. For the 100 years of the record, this implies that the catastrophic ocean warm-
ing and ice shelf mass loss that is being seen in the Amundsen Sea region [e.g., Jacobs et al., 2011; Sutterley
et al., 2014] has not yet been felt by the southwestern Ross Sea, emphasizing the urgent need for careful,
Antarctic-wide monitoring.
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