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The Inferred Formation of a Subice Platelet Layer Below the
Multiyear Landfast Sea Ice in the Wandel Sea (NE Greenland)
Induced by Meltwater Drainage
S. Kirillov1 , I. Dmitrenko1 , S. Rysgaard1,2 , D. Babb1 , J. Ehn1, J. Bendtsen2,3 ,
W. Boone1 , D. Barber1, and N. Geilfus1

1Centre for Earth Observation Science, University of Manitoba, Winnipeg, MB, Canada, 2Arctic Research Centre, Aarhus
University, Aarhus, Denmark, 3ClimateLab, Copenhagen, Denmark

Abstract Oceanographic and ice-mass-balance records are presented from two moorings deployed on
landfast multiyear ice in the Wandel Sea (North Greenland) during June–August 2015. Here we show that
the melting and drainage of >1 m of snow from June 14 to July 14 created a double-diffusive vertical strati-
fication which resulted in supercooling of water and enabled the formation of platelet crystals below the
sea ice. Although the effect of supercooling, with temperatures up to 0.58C below the freezing point, might
be overestimated considerably in our records, this process led to the formation of �1.1–1.2 m-thick subice
platelet layer. While warm water temperatures lead to the complete loss of this layer at one mooring site,
the layer persisted through summer and became incorporated into the congelation ice at the second site.
The warm water that melted out the platelet layer can be ascribed to two different sources: (1) in situ heat-
ing from solar radiation resulting in a temperature increase up to 0.88C in late July and (2) advection of
warm surface water (with temperatures up to 3–48C) from the ice-free coastal regions in mid-August. The
combination of processes causing the seasonal growth of a platelet layer and either its subsequent ablation
or incorporation into congelation ice is discussed with respect to the ice-mass balance and stability of the
landfast ice cover in the Wandel Sea. Furthermore, this study provides evidence for the formation of
a platelet layer in the Arctic, a phenomenon that historically has only been observed in the Antarctic.

1. Introduction

The phenomenon of platelet ice crystals forming a porous matrix (hereafter referred to as a platelet layer)
under an existing ice cover has been observed in many coastal regions around Antarctica (e.g., Eicken &
Lange, 1989; Hoppmann et al., 2015a; Langhorne et al., 2015; Price et al., 2014). In Antarctic waters, the for-
mation of a platelet layer is related to the so-called ice-pumping process (Lewis & Perkin, 1986) in which
cool, fresh water from the basal melt of an ice-shelf becomes supercooled as it rises, due to increasing buoy-
ancy, and leads to the formation of platelet crystals (Foldvik & Kvinge, 1974). As these ice crystals grow in
size and number, they float up to the base of either the ice-shelf or landfast sea ice and accumulate in a
platelet layer. Locally grown ice crystals associated with supercooling conditions may also contribute to this
layer (Purdie et al., 2006). The ice-volume fraction within these layers varies from 16 to >50% (Hoppmann
et al., 2015a), although ice-volume fraction estimates derived from heat fluxes, as calculated from sea ice
temperature profiles, reveal a more reliable fraction of 25–35% (Gough et al., 2012; Purdie et al., 2006). The
growth of overlying solid ice within the interstices may further incorporate the platelet crystals into the ice
matrix and form incorporated platelet ice (Jeffries et al., 1993). This process may have a large impact on sea
ice production in coastal waters around Antarctica; contributing to the seasonal landfast ice growth (e.g.,
Dempsey et al., 2010; Hoppmann et al., 2015a, 2015b) and to the formation of subice-shelf platelet ice up to
350 m thick (Oerter, 1992; Thyssen et al., 1992).

While platelet layers are commonly found in Antarctica they have not been described in the scientific litera-
ture in the Arctic, even though incorporated platelet ice has been observed within cores from multiyear sea
ice (MYI) from the Beaufort Sea (Jeffries et al., 1995). The authors identified two processes that drive the for-
mation of platelet ice within the Arctic: (1) the release of sea ice melt water from deep keels that is then
refrozen as platelet crystals at a higher level on the underside of the ice floe (ice pumping) and (2) the
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formation of false bottoms in under-ice melt ponds when meltwater is released from the surface of the ice.
The latter process is caused by double-diffusive convection at the interface between fresh and relatively
warm snow/ice meltwater and the underlying cold saline seawater during summer (Notz et al., 2003). Heat
is quickly extracted from the meltwater, causing platelet ice to form and consolidate as a solid sheet sealing
the under-ice melt ponds from seawater (Eicken et al., 2002). Perovich et al. (2003) reported two essential
conditions required for false bottom formation at the lower boundary of under-ice melt ponds: (1) quies-
cent conditions, to minimize mixing and (2) depressions in the underside of the sea ice or leads, to trap
fresh water. While false bottoms may form under first-year sea ice (FYI; Polashenski et al., 2015), the latter
condition is more commonly met under MYI, and thus estimates of the areal coverage of false bottoms vary
from 5 to 10% (Eicken, 1994; Jeffries et al., 1995) up to 50% (Hanson, 1965) of the Arctic’s MYI cover. The
freshwater filling the under-ice depressions originate from melting either snow or sea ice during summer.
Within the Arctic Ocean, average snow depth is typically less than 40 cm (Kwok & Cunningham, 2008; Radio-
nov et al., 1997), which equals about 12 cm of freshwater input. This amount is sufficient to fill the relatively
shallow under-ice depressions and foster the formation of false bottoms, but not large enough to drive the
formation of platelet crystals beyond the bottom of Arctic pack ice. Webster et al. (2014) reported a consid-
erable thinning of snow pack across western Arctic and Chukchi and Beaufort Seas, and consequently we
could expect that there was even less snow meltwater drainage during recent decades. However, atmo-
spheric and topographic conditions contribute to greater snow accumulation in some Arctic regions. The
landfast MYI cover in the Wandel Sea (North Greenland) is one such location. Field observations from the
Wandel Sea during April and May in 2015, 2016, and 2017 revealed up to 1.5 m of snow on top of a 3–4 m-
thick landfast ice cover. During the short summer, the snow pack completely melted and drained into the
surface boundary layer forming under-ice stratification favorable for supercooling and the formation of a
platelet layer.

In this paper, we present a time series of oceanographic and sea ice measurements from the Wandel Sea
that indicate the growth of a platelet layer under the landfast MYI in June and July 2015. Although technical
issues related to sampling precluded direct visual observation or sampling of platelet crystals, the assem-
blage of different data sets provide indirect evidence of the formation of a 1.1–1.2 m-thick platelet layer
that subsequently melted during the remaining part of summer. The results presented here are important
in light of the long-term evolution of the landfast MYI thickness and extent in the Wandel Sea, as it com-
prises a natural barrier to the release of a considerable volume of freshened coastal waters (Bendtsen et al.,
2017) to the Greenland Sea. Similar effects of sea ice trapping freshwater in coastal regions have been previ-
ously reported for the Mackenzie shelf (Macdonald et al., 1995) and for Disraeli Fjord and Petersen Bay epis-
helf lakes on northern Ellesmere Island (Hamilton et al., 2017; Mueller et al., 2003; White et al., 2015). The
stability of the landfast ice barrier and a potential rapid release of coastal freshwaters into the ocean might
have implications on the regional ecology (e.g., Krawczyk et al., 2015; Meire et al. 2015) of not only the Wan-
del Sea but also the East Greenland Sea that is located downstream.

The paper is structured as follows. The data set of oceanographic and ice/snow measurements collected in
the Wandel Sea between May 2015 and April 2016 is described in section 2. In section 3, we provide an
overview of sea ice conditions within the Wandel Sea during August 2015, which aligns with the timing of
maximum sea ice melt. Section 4 describes the results, highlighting the release of snow meltwater that
freshened the surface waters and fostered the formation of a platelet layer. In section 5, we discuss the
results and consider the key factors that affect the growth and subsequent melting of the platelet layer. Sec-
tion 6 summarizes and highlights the conclusive findings of this research.

2. Data and Methods

Two long-term study sites were established on the landfast MYI cover of the Wandel Sea in April/May 2015
as part of the first scientific expedition at the new Villum Research Station at Station Nord. A colocated ice-
tethered mooring and ice-mass-balance buoy (IMB) were deployed at each study site and left to operate
autonomously for 1 year. Instruments were deployed at the first site (m03; 81.8338N 18.0008W) on 12 May
2015 and recovered on 10 April 2016. Site m03 was located on a large piece of MYI located between three
islands: Princess Dagmar, Princess Margaret, and Princess Thyra Islands (Figure 1) with a water depth of
60 m and initial ice thickness of 2.1 m. The second site (m04; 81.7688N 16.5028W) was established on 15
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May 2015 with an initial ice thickness of 2.6 m and recovered on 6 April 2016. At both sites there were very
fresh under-ice melt ponds (Figure 2) accompanied by false bottoms that were comprised of �1 cm-thick
ice that rose to the surface within the auger hole drilled for the CTD (Figure 3). The second mooring had a
depth of 178 m and was located in the middle of a submarine valley, which originated from the former gla-
cier tongue of the Flade Isblink Ice Cap (FIIC) glacier (see Kirillov et al., 2017, Figure 1). The mooring at m03
was equipped with (i) a downward-looking 300 kHz Workhorse Sentinel Acoustic Doppler current profiler
(ADCP) by Teledyne RD Instruments at 3.0 m depth and (ii) five SBE-37 conductivity-temperature (CT) sen-
sors at 3, 10, 20, 40, and 57 m depth (Figure 2). The m04 setup consisted of (i) two Workhorse ADCPs placed
at 3.3 m (downlooking) and at 170 m (uplooking), (ii) two SBE-37 CT sensors by Sea Bird Electronics placed
at 3.5 and 166 m, respectively, and (iii) an autonomous Ice-Tethered Profiler (ITP) by McLane Research Labo-
ratory (Figure 2). The profiler was equipped with a conductivity-temperature-depth (CTD) sensor 41CP by
Sea-Bird Electronics. The ITP, CTs and thermistor strings were all calibrated by their manufacturers before

Figure 1. (left) Terra/MODIS true color satellite imagery (from 13 August 2015) of the Wandel Sea shelf region and (right) Sentinel-1 C-SAR (C-Band Synthetic
Aperture Radar) image focused on the mooring locations (from 19 August 2015). Red circles indicate the positions of the ice-tethered oceanographic moorings
deployed from May 2015 until April 2016, and the red star shows the location of Villum Research Station (VRS). The age of sea ice areas is indicated as either MYI
or FYI. Blue numbers indicate typical thicknesses of undeformed MYI in April 2015.

Figure 2. Scheme of m03 and m04 moorings deployed in May 2015 from the landfast ice.
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deployment. Following recovery the instruments were not re-calibrated because most of them were imme-
diately redeployed for another year of autonomous sampling. Unfortunately, those instruments were lost in
August 2016 when the landfast ice in the Wandel Sea shifted and collapsed.

The ITP was programed to cast every 3 h in the depth range from 4.4 to �150 m (Figure 2) with tempera-
ture and salinity recorded approximately every 0.3 m. The inherent measurement errors associated with the
CTD sensor on the ITP are small and do not exceed 0.0028C or PSU for temperature and salinity, respectively,
according to the manufacturer. All other CT sensors measured temperature and salinity every 15 min with
reported accuracies on the order of 10238C and 1023, respectively. The downward-looking ADCPs recorded
current velocities averaged over 30 min (at one ping per minute) at 2 m intervals starting from �7.5 m
depth (i.e., about 4.5 m below the ice). Within this study we are focused on the surface layer, therefore the
upward looking ADCP at m04 is not used. The accuracy of the ADCP current speed is 0.5% of the magnitude
while the error in the compass direction is 28. However, the small horizontal component of the Earth’s mag-
netic field in the Wandel Sea seemed to result in relatively large variations in ADCP heading. The heading
direction varied randomly within a �68 range, even though zero fluctuations are expected for the landfast
ice-tethered unit. Therefore, we conservatively estimate the total error of direction measurements as 688

(i.e., 68 1 28). All currents were corrected for the local magnetic deviation (�188W) taken from International
Geomagnetic Reference Field model (www.ngdc.noaa.gov/IAGA/vmod/home.html) and the ADCP pressure
records were additionally corrected to the atmospheric pressure.

IMBs collected basic meteorological (air temperature and pressure) and sea ice (ice thickness, snow depth,
ice temperature profile) variables at 30 min intervals. The initial ice thickness at m03 and m04 were 2.1 and
2.6 m respectively, while there was an under-ice meltwater layer and false bottom present at each site (Fig-
ure 2). The vertical temperature profile through the ice and underlying water column was sampled with a
Temperature Acquisition Cable (TAC) manufactured by Beaded Stream Inc. (Anchorage, AK) that contained
a string of addressable temperature sensors with 60.18C accuracy at 10 cm intervals. The IMBs were
equipped with ultrasonic gauges for measuring the snow/ice thicknesses installed at �2 m (6 m) above
(below) the ice surface. However the underwater sonar showed a consistent return at 3.8 m depth, which
we suspect was caused by the edge of a sleeve fitting used to connect the under-ice mast that supported
the sonar. Despite the large number of these artificial returns, some consistent returns between 2.5 and
3.3 m were recorded between late June and mid-July, which correspond with our inferred depths of the
platelet layer. Earlier studies using the same model of IMB and underwater sonar demonstrated good agree-
ment between the sounder derived ice thickness and the ice thickness inferred from the temperature string
(Kirillov et al., 2015). Therefore, we are confident in the returns other than the artificial returns at 3.8 m
depth. The IMB at m04 worked well until approximately 12–13 July 2015 when the mast started leaning and
finally fell down completely on 23 August 2015. However, the thermistor string continued working until
mid-February 2016, whereas the thermistor string at m03 stopped recording on 18 November 2015.

Figure 3. One example of the false bottom lenses found at different locations over the multiyear landfast ice in April–May
2015 and again in April 2016.
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Complementary fields of surface wind and atmospheric pressure (9 m height to 46 m above sea level) were
collected continuously throughout the study period at the Villum Research Station (Figure 1).

The temperature profiles from both IMBs demonstrate pronounced biases between the adjacent sensors,
which are clearly demonstrated in the monthly mean temperature profiles (supporting information Figure
S1). Assuming that the monthly averaged profiles should give a more or less smooth temperature profile,
the systematic bias for each thermistor was estimated as the difference between the monthly mean values
and their least squares linear approximation. This correction was calculated for the mean temperature pro-
file during October, which was the month with the smallest temperature variations in both ice and water
layers (supporting information Figure S1). The average absolute bias for all thermistors was estimated as
0.088C with standard deviation of 0.068C that closely matches 60.18C accuracy stated by manufacturer.

Taking into account that the underwater sonar provided limited data on the location of the ice-ocean interface,
we use the temperature string data to calculate a vertical profile of the daily standard deviation of temperature
(dTIMB) as a novel proxy of the ice-ocean interface depth. Based on the difference in thermal conductivity
between the ice and water, we suggest that a higher dTIMB is indicative of water, while a lower dTIMB indicates
the thermistor is surrounded by ice; therefore, the ice-ocean interface can be associated with the transition
from high to low dTIMB. The spatial heterogeneity in the ice is a priori lower compared to water column, if latter
is not isothermal (i.e., water is not at freezing temperature). Moreover, that water is also more dynamically
changeable due to the presence of turbulence and advection that makes the thermal conductivity of ice con-
siderably smaller compared to water. Although dTIMB has not been used in previous studies, Wang et al. (2013)
demonstrated good agreement between a time series of ice/under-ice temperatures and acoustically derived
ice thickness. While the authors do not specifically present dTIMB, the increased variability of water tempera-
tures compared to ice temperatures is clearly seen. The application of dTIMB in deriving the ice-ocean interface
may be limited in the case of an isothermal water column, in which case both ice and water would have a low
dTIMB. However, as it will be shown in section 5.2, the drainage of snow meltwater and the rapid growth of a
platelet layer drives increased rapid temperature increased from 21.48C (freezing point of marine water with
salinity 25) to around 08C (the temperature of platelet crystals and snow meltwater) that returns relatively high
dTIMB during that moment. Note, that regardless of the actual accuracy of dTIMB-derived interface depth, it can
not be higher than the distance between thermistors that was 0.1 m in our data set.

In this paper, we focus mostly on data from site m04, and specifically we focus on the sea ice and upper 25 m
of the water column where we observed substantial changes during the melting period from June to August
2015. Data from m03 are only used to demonstrate some differences between these two sites in context of
their positions relative to the coastal area of open water during the melting period. It should be noted that
several instruments at both sites were covered by ice during the formation of the platelet layer in late June to
early July. The moment that an instrument became covered with platelet layer and was subsequently released
from the ice can presumably be determined from the pronounced change in high-frequency variability and at
semidiurnal tidal period. For instance, supporting information Figure S2a shows that temperature and salinity
at 3.5 m altered considerably on site m04 on 7 July or so. This alternation is evident from several circumstan-
ces: disappearance of tidal signal in temperature records, the stepwise changes in salinity measurements, and
the gradual decrease of high-frequency signal in temperature (this signal disappeared completely on 11 July).
The CT sensor was released from the ice on 30 July when high-frequency variations became apparent again
(supporting information Figure S2b). The same analysis was implemented for the current velocities and direc-
tions measured by the ADCP (3.3 m depth). The pronounced changes were evident there from the loss of tidal
signal and randomization of current directions on 7 July and 7 August (supporting information Figures S2c
and S2d). The same analysis for the ADCP at m03 revealed that the instrument was covered with ice on 27
June and melted out on 27 August, while the CT became frozen into the ice on 28 June (supporting informa-
tion Figure S3). Table 1 provides information on the instruments that became encased in ice and the period
when there is no data available. Note, that the upper CT (3 m depth) at site m03 remained ice covered until it
was recovered in April 2016, when it was found completely frozen into an incorporated platelet ice.

3. Sea Ice Conditions During the Melting Period in August 2015

While the Wandel Sea is covered by predominantly landfast MYI, the inner fjords of the Wandel Sea shelf
become ice free during summer and are covered by a seasonal cover of FYI during winter. In general, FYI
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starts to melt along the coast during the second half of July and melting slowly propagates offshore toward
the area covered by 3–4 m-thick MYI (Figure 1). In recent years, the maximum extent of open water has
occurred in the end of August when the cumulative effect of atmospheric and solar heating reaches the
annual maximum. In 2015, sea ice retreated with the melting front propagating from Danmark Fjord toward
the Princess Thyra and Princess Dagmar islands during the first half of August and reached its minimum
extent on 19 August. By this date, m04 was only �6 km from the ice edge while m03 was �12 km from the
open water north of Princess Dagmar island (Figure 1). Although we use the term ‘‘open water area,’’ the
specified coastal area represents a mixture of open water and fragments of FYI that were still present during
our summer survey in August 2015 (Bendtsen et al., 2017). South-southeasterly winds during early August
forced the FYI fragments offshore toward the MYI edge, though a reversal to northerly winds around 18–19
August forced the FYI fragments toward the strait between the main landmass and Princess Dagmar Island
(Figure 4). New ice formation in the vicinity of VRS began in early September, whereas new ice formation in
Independence, Denmark and Hagen fjords was delayed until late September 2015 (not shown).

4. Results

The ITP records obtained at m04 demonstrate pronounced seasonal changes within the upper 10–20 m of
the water column (Figure 4). Following deployment in mid-May, the vertical thermohaline structure was
rather stable with salinity gradually increasing from 25 to 26 near the surface (4.4 m) to �29 at 10 m depth,
and water temperatures generally less than 0.078C above the freezing point (Figure 4). In mid-June the sur-
face waters began to freshen, with salinity decreasing from 26 on 14 June to 10 by mid-August. Roughly 3
weeks after the onset of surface freshening the upper 15–25 m warmed rapidly during early July, while
near-surface temperatures more than 28C above the freezing point were present by late August. Negative
air temperatures in late August caused water temperatures to decrease and freezeup to begin, even though
a small subsurface temperature maximum persisted through winter until the mooring was recovered in
April 2016 (Figures 4a and 5). The temperature within this maximum decreased gradually from about 118C

Figure 4. Temporal evolution of the daily-mean (a) temperature above freezing (8C) and (b) salinity at m04 from May
2015 to April 2016 as measured by an autonomous ice-tethered profiler.

Table 1
List of Sensors and Periods When Sensors Were Frozen

Mooring Sensor Depth (m) The period of unreliable data

m03 ADCP 3.0 27 June to 27 August 2015
CT 3.0 28 June 2015 to until the recovery

m04 ADCP 3.3 7 July to 7 August 2015
CT 3.5 7 July to 30 July 2015
IMB mast (snow depth,

air temperature,
and pressure)

About 13 July 2015 to start leaning
About 23 August 2015 to fell down
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above freezing in September 2015 to about 10.38C above freezing in April 2016, indicating a very low rate
of vertical heat exchange. The decrease in temperature was accompanied by a gradual increase in surface
salinities throughout winter, eventually returning to 25 at 4.4 m in April 2016, which is similar to the near-
surface salinity observed in April 2015.

Due to the insulating effect of a 1.35 m-thick snow layer the sea ice at m04 was isothermal with a mean
temperature of about 21.18C during April 2015 (Figure 5a). The thick snow cover not only insulated the sea
ice but also resulted in a negative freeboard that made the bottom 10–20 cm of snow slushy. Immediately
below the ice there was a thin layer (2.8–3.2 m depth) of freshwater with temperatures above 218C, while
just below this freshwater layer, temperatures were between 21.3 and 21.28C. Snowmelt began in mid-
June and lead to a rapid increase in ice temperatures from about 21 to 20.58C at all depths between 24
and 26 June (Figure 5a and supporting information Figure S5). We suggest that this change was caused by
the drainage of snow meltwater through the channel around the thermistor string (or in close vicinity to it).
Although the thermistors would not represent the true ice temperatures after this moment, they can pro-
vide useful information about the thermal conditions at the ice-ocean interface still. In Figure 6, one can see
the temperature records at each individual thermistor between 2.5 and 3.8 m during and after drainage.
Besides the presence of small-scale temperature fluctuations with amplitudes not exceeding 0.18C (i.e.,
below the accuracy of sensors), there is a pronounced lagged shift in these records likely associated with a
platelet layer growth.

To demonstrate the reliability of temperatures measured by the IMB thermistor string we plot the time
series of daily-averaged temperatures measured at 3.5 and 4.4 m with the CT/ITP and the thermistors at the
corresponding levels (Figure 7). The mean yearlong biases between sensor records of 0.14 and 0.058C (at
3.5 and 4.4 m, respectively) are reasonably close to 60.18C IMB thermistors’ accuracy. However, we have to
note that these biases also contain the uncertainties related to the different sampling times and slight dif-
ferences in their vertical position relative to the bottom of the ice. The latter might result in the natural ori-
gin of the observed biases rather than from the errors of sensors.

The drainage of snow meltwater under the ice was accompanied by several other transitions in late June
and early July. First, the drainage caused a gradual rise of the sea ice. The ADCP pressure sensor (corrected

Figure 5. Temporal evolution of (a) daily averaged ice/water temperatures and (b) daily standard deviations of these tem-
peratures from thermistor string at m04. The grey and white lines indicate changes of snow depth and depth of the ADCP
unit, respectively. The red line shows water temperature above freezing point at 3.5 m as measured by a SBE37 CTD.
White circles and triangles denote the date when the ADCP (3.3 m) and CTD (3.5 m) were covered and released by the
platelet layer, respectively. Short black lines at the left axis indicate the initial ice thickness.
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to atmospheric pressure) measured a rise of 0.42 m as the sea ice adjusted to hydrostatic equilibrium from
mid-June to mid-July (Figure 5a). Second, between 27 June and 10 July, the CT sensor at 3.5 m depth
recorded supercooled water with temperatures up to 0.58C below freezing (Figure 5a). Despite the fact that
such supercooling is much stronger than other observed Arctic supercooling events (e.g., Skogseth et al.,
2009), there are no random spikes in the salinity data toward lower values that would have indicated the
presence of ice crystals in the conductivity cell and therefore unreliable data (Figure 6). However, Skogseth
et al. (2009) reported another source of error related to the thin film around the conductivity cell that could
result in stable lower than real measured conductivities and, hence, higher freezing points. In order to
obtain an alternative estimation of supercooling intensity, we calculated the salinity at 3.5 m inferred from
the uppermost part of ITP profiles between �4.4 and �5.0 m. Assuming a linear salinity gradient within
under-ice layer, we extrapolated ITP salinity profile to 3.5 m and calculated the freezing temperature.
Although this approach resulted in considerably lower supercooling (up to 0.28C below freezing, not
shown), there is a high uncertainty associated with unknown vertical distribution of salinity in subice layer.
Although some laboratory experiments revealed a significantly higher supercooling (up to 1.58C) of low-
salinity (<24.7) waters underlying with saltier marine layer (Cherepanov et al., 1989), we suggest that the
observed 0.58C supercooling may be overestimated considerably.

Figure 6. Time series of temperatures recorded by IMB thermistors within 2.5–3.8 m depth range during period of snow meltwater drainage under the ice. Black
and grey lines correspond to temperature and salinity at 3.5 m, respectively.

Figure 7. Comparison of daily-averaged temperatures above freezing at in situ salinity measured by (a) SBE37 and (b) ITP
at 4.4 m. Black lines show the corresponding temperatures from the thermistor string. Negative values indicate super-
cooled water. Grey dots depict the ice thickness as measured by the underwater ultrasonic gauge and green line shows
the depth of dTIMB 5 0.038C. Shaded rectangles mark the period of growth and melt phases of the platelet layer evolution.
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The third transition is associated with the rapid deepening of the elevated dTIMB zone from �2.6–2.7 m to
�3.7–3.8 m (total deepening of 1.1–1.2 m; Figures 5b and 6). Following this transition, the corresponding
near-surface water temperatures at 4.4 m increased from 21.0 to 20.98C to 0.1–0.28C. Fourth, the ADCP
(3.3 m) and CT (3.5 m) measured slightly positive temperatures on 8 and 14 July, respectively after they
became encapsulated within the ice on 7 and 12 July, respectively (see Table 1 and Figure 5). Around the
same time the underwater sonar recorded a 0.8 m deepening of the ice-ocean interface. Although the
underwater sonar recorded mostly contaminated data, during this particular period it provided reliable
observations of the downward growth of the ice-ocean interface (Figure 7). Collectively, as it will be demon-
strated in the Discussion, these four transitions highlight the formation of a 1.1–1.2 m-thick platelet layer
under the landfast MYI due to drainage of snow melt water, during what we refer to as the growth phase of
the platelet layer.

Following the growth phase near-surface water temperatures at 4.4 m rose considerably above 08C on July
23 (Figure 8) and brought about the onset of the melt phase. The melt phase included two warming epi-
sodes; the first episode occurred between 23 and 30 July, with daily-mean near-surface temperatures of up
to 10.648C on 28 July (Figure 8). The second episode lasted from 15 August to 7 September and was char-
acterized by considerably higher temperatures of up to 12.388C. Both warming episodes were accompa-
nied by an abrupt decline in near-surface salinities (Figure 8). Between 23 July and 30 July, the daily-mean
near-surface salinity within the 3.5–5.0 m layer decreased by 1.2 (16.2–15.0), which corresponds to the addi-
tion of 0.11 m of freshwater. The next abrupt salinity decrease occurred between 15 August and 18 August,
during the beginning of the second warming episode, when the mean salinity within the 3.5–7.0 m layer
decreased by 2.6 (23.1–20.5), which corresponds to the addition of 0.39 m of freshwater to the surface layer.
The depth of the surface layer considered for these estimations (either 5.0 or 7.0 m) are different for two
reasons; first, the water with positive temperatures during the first warming episode was observed within a
relatively thin layer under the ice compared to the second warming episode (Figure 5). Secondly, the effect
of freshening during the first and second warming episodes can be traced to �5.0 m on 23–30 July and to
�7.0 m on 15–18 August (see green lines in Figure 8b).

The evolution of the depth of the platelet layer-ocean interface during the melt phase can be inferred from
dTIMB as water is warmer compared to the platelet layer. A higher dTIMB is indicative of water, while a lower
dTIMB indicates that those temperature sensors were still within the platelet layer. Therefore, the platelet
layer-ocean interface can be associated with the transition from high to low dTIMB values shown in Figure
5b. Based on the vertical temperature profiles of dTIMB we found that dTIMB 5 0.038C separated the zones of
low and high dTIMB (supporting information Figure S6) and subsequently used the level of the 0.038C

Figure 8. Time series of daily-averaged (a) temperatures and (b) salinities at 3.5 m (red line) and 4.4 m (blue line). Black
line shows temperatures measured by IMB thermistors at the surface, and red bars indicate daily-mean air temperatures
recorded by IMB (only days with positive mean temperatures are shown here). Green lines show salinity measured by the
ITP at 5.0, 6.6, and 7.0 m.
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isopleth as a proxy for the depth of the ice-ocean interface (Figures 5b and 7a). From its peak depth of 3.7–
3.8 m in mid-July, the platelet layer melted back to �3.2 m during the first warming episode and released
the CT (3.5 m) and ADCP (3.3 m; Figure 5) on 30 July and 7 August, respectively. During the beginning of
the second warming episode, specifically between 15 and 18 August the platelet layer-ocean interface rose
to �2.7–2.8 m (Figures 5b and 7a), which corresponds to the decrease in salinity during this time (Figure
8b) and was approximately the ice thickness during mooring deployment, indicating that the platelet layer
had completely melted.

At m03, temperatures within the 3.0–3.5 m layer notably increased from 21.2 to 21.48C to 20.1 to 08C
between 19 June and 9 July (supporting information Figure S4). This increase coincided with the rapid
decrease of snow thickness (supporting information Figure S2) and can be attributed to the formation of a
platelet layer in a similar manner to the platelet layer formed at m04. Moreover, the ADCP and CT, both
placed at 3.0 m depth, became enveloped within the platelet layer on 27–28 June, and while the ADCP was
released on 27 August the CT unit remained frozen until recovery (Table 1). This CT unit provides direct evi-
dence that the platelet layer did not melt out at m03 like it did at m04 and persisted through winter. Fur-
thermore, the ice-tethered ADCP pressure records show a 0.33 m decrease in depth between 27 June and
22 July as a result of hydrostatic adjustment (supporting information Figure S4). This suggests a lag
between the onset of snow melt and the drainage of meltwater in a manner similar to that observed at
m04. Due to a temporary malfunction of the m03 IMB, there are no observations from the temperature
string during this period to corroborate the observations of the ADCP and CT.

5. Discussion

Double-diffusive freezing is usually referred to as a summer feature within under-ice melt ponds and leads in
the Arctic Ocean, however, as long as the surface layer remains considerably freshened it can occur beyond
the melting season. For instance, Golovin et al. (1999) reported intensive frazil ice formation under the landfast
ice of the Laptev Sea during late winter; and attributed it to the double-diffusive processes at the strong inter-
face between riverine and marine waters. Within this work the Wandel Sea shelf is suggested to be a region
where low-salinity surface waters may persist under landfast ice throughout winter due to relatively low verti-
cal mixing and limited exchange with ambient water masses (Kirillov et al., 2017). It implies that freshwater
(originated from sea-ice/snow melt and glacier runoff) draining into the surface layer in summer is not fully
compensated by salinification associated with ice growth during winter. Both Kirillov et al. (2017) and Dmi-
trenko et al. (2017) reported an under-ice salinity of 16–21 over the Wandel Sea shelf during the end of winter,
although extremely fresh (salinity< 2) under-ice melt ponds were observed at some of the MYI stations (Dmi-
trenko et al., 2017). Such under-ice melt ponds and false bottom fragments were observed at both mooring
sites during deployment in May 2015, indicating vertical stratification under the ice cover that was favorable
for double-diffusive mixing and supercooling at the density interface associated with this mixing. Therefore, it
allowed us to interpret the sequence of transitions observed within the snow, ice and water column in sum-
mer 2015 as a result of platelet layer formation associated with drainage of snow meltwater under the MYI.

5.1. Under-Ice Meltwater Layer Formation
Historically, there was very little open water present in the Wandel Sea during summer, however during
recent years FYI in coastal areas has become more prone to melt out and create large areas of open water.
Due to the 3–4 m-thick band of MYI that separates the coastal waters from the Wandel Sea slope, freshwa-
ter from ice melt, snow melt and glacial discharge accumulates and forms a very fresh surface layer within
this coastal area of open water (Figure 1). Furthermore, due to a strong underlying density interface, this
freshwater remains within the surface where it accumulates a large amount of solar radiation and becomes
warmer. In August 2015, surface salinities within the ice-free areas were below 10 while surface tempera-
tures rose above 48C at place and decreased toward 1.38C at the MYI edge (Bendtsen et al., 2017). The
warm freshwater layer predominantly occupied the uppermost 10 m of the water column (Bendtsen et al.,
2017), and its persistence implies that the strong stratification suppressed vertical mixing.

The MYI cover of the Wandel Sea remained relatively stable throughout 2015, though the 1.25–1.30 m-thick
snow cover present in April and May 2015 completely melted between mid-June and mid-July (Figure 5a
and supporting information Figure S4). The drainage of snow meltwater caused the ice to gradually rise
between 0.33 and 0.42 m during summer (Figure 5a and supporting information Figure S4). To validate that
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this change in ice draft was driven solely by snow melt we calculate the isostatic balance of the snow covered ice
vs. bare ice, assuming a ‘‘standard’’ snow density of 0.3 kg m23, and find that between 1.1 and 1.4 m of snow
melt was required to drive this change in ice draft. This corresponds to our observations of snow depth at moor-
ing sites during April 2015. This thick layer of snow insulated the ice throughout winter and maintained a rela-
tively warm isothermal temperature profile through the ice cover in April 2015. Ice porosity relationships
suggests that this isothermal warm ice cover was likely permeable (e.g., Golden et al., 2007), which allowed snow
meltwater to drain through the MYI into the near-surface waters. Furthermore, the study sites were located sev-
eral kilometers from the ice edge and satellite images reveal no major cracks or leads near the study sites. The
spatial variability in ice temperature and therefore permeability, along with the variability in snow depth and the
timing of snowmelt influenced when meltwater drained through the ice and the platelet layer started to form.
However, the inferred platelet layers formed within 2 days of each other at our two study sites (25 June at m04
and 27–28 June at m03), indicating similar timing in meltwater drainage between these two sites.

From the moment of drainage on 25 June, the difference in salinity between 3.5 and 4.4 m depth began to
increase and eventually peaked in mid-July at 20–22 (Figure 8b). The increasing stratification between 3.5
and 4.4 m depth created favorable conditions for double-diffusive processes resulting in the appearance of
supercooled under-ice water (up to 0.58C, although this value might be overestimated significantly) that
coincided with the moment of percolation (Figure 5). According to Perovich et al. (2003), meltwater dis-
charge creates a thin 10–20 cm layer of freshwater below the Arctic ice pack, which is where false bottoms
have been observed to form. However, in the Arctic Ocean snow depth typically only varies from 30 to
40 cm (Arctic Climatology Project, 2000), which is about 4 times less than the snow depth that we observed
on the MYI in the Wandel Sea during three consecutive surveys in April-May 2015, April 2016, and May
2017. Increased snow depth coupled with an isothermal, permeable ice cover will lead to greater meltwater
discharge that will freshen the surface layer and, under the right circumstances (for instance, surface water
is at its freezing point), could promote the formation of a platelet layer that may persist through summer
and contribute to the regional ice-mass balance.

5.2. Thermodynamic Considerations of Platelet Layer Growth and Freshwater Balance of Surface
Layer
The approximate depth of the platelet layer-ocean interface at m04 was determined from the profiles of
dTIMB, which showed the deepening of the interface by 1.1–1.2 m during the growth phase between 25
June and 14 July (Figure 7a). This deepening is evident as a consequence of local maxima in dTIMB profiles
exceeding a threshold of 0.038C at 3.0–3.5 m depths (supporting information Figure S6, left). The deepening
of the interface is further confirmed by underwater acoustic measurements that reveal a deepening of
0.8 m (Figure 7a), which is slightly less than 1.1–1.2 m inferred from dTIMB. The discrepancy between these
two methods is likely related to the low ice-volume fraction within the platelet layer and the fact that it
does not provide a solid homogenous interface like congelation ice. Although multiple data sets corrobo-
rate the formation of a platelet layer during the growth phase, the details of this process and structure (ice-
volume fraction or packing efficiency) of this newly formed layer are unclear. In the following, we try to
identify those by using some indirect approaches.

False bottoms typically grow at the lower boundary of under-ice melt ponds that are contained within
depressions of the underside of the ice. Jeffries et al. (1995) and Eicken (1994) reported these depressions are
present under only 5–10% of the total ice cover in the Beaufort Sea. However, these numbers are estimate for
an area that has limited snow cover and therefore limited snow meltwater released under the ice. Areas with
greater snow depth and therefore greater meltwater would either require thicker depressions or frequent
keels to provide the support required for false bottom formation. However, an underwater video taken at m04
in May 2015 showed no under-ice ridges in the vicinity of the mooring which was limited by �10–15 m range.
Without such a support, the large amount of meltwater penetrating beyond the bottom of MYI does not allow
the stable lid of false bottom ice to form. The considerable freshening observed within the surface 5–7 m layer
also confirms that there was no solid lid of false bottom ice preventing meltwater discharge beyond the lower
ice surface. Therefore, we speculate that the initially loose accumulations of platelet crystals formed at the
density interface ascended towards the bottom of the ice surface and formed a porous platelet layer. Based
on an ice density of 912 kg m23 and the latent heat of ice formation of 335 K J kg21, the formation of 1.1–
1.2 m of congelation ice (at m04) would require 330–360 M J m22 of heat energy to be released into the
underlying water column as platelet crystals formed at the density interface (Notz et al., 2003). However, the
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mean water temperature only increased by 10.128C during the growth phase, which corresponds to about 10
MJ m22 and is only 3% of the energy required to form 1.1–1.2 m of congelation ice. This discrepancy can be
attributed to the fact that the new layer of ice did not represent a consolidated ice layer but instead a mixture
of loosely packed crystals surrounded by snow melt water at �08C—a platelet layer with an ice-volume frac-
tion of 3% and a solid ice fraction of less than 0.04 m (i.e., 3% of 1.1–1.2 m). With an initial snow depth of
1.3 m and assumed density of 300 kg m23, the snowpack provided sufficient meltwater for the formation of a
0.39 m-thick layer of fresh water. Therefore, we can assert that only a small portion of the snow meltwater
turned into the frazil ice, while the remaining 0.35 m (0.39 m minus 0.04 m) of meltwater contributed to fresh-
ening the surface layer. Observations confirm that salinity within the 3.5–6 m layer decreased by �6.6 (from
27.0 to 20.4, Figure 8b) between 14 June and 14 July, while the near-surface salinity remained unchanged
below 6 m. From these observations we estimate that adding 35 cm of freshwater into the 2.5 m-thick under-
ice layer, would have reduced the salinity by 3.8 from 27.0 during the growth phase. Although there are many
uncertainties related to the unknown spatial distribution of all these parameters, the estimated salinity
decrease of 3.8 is on the same order of magnitude as the observed decrease of 6.6. The discrepancy between
these results might be related to a lack of salinity data within the uppermost portion of the water column
(between 2.6 and 3.5 m) at the start of snowmelt, which means the initial mean salinity of 27.0 and, hence,
the drop of mean near-surface salinity by 6.6 in the surface layer might be overestimated.

The suggested ice-volume fraction of 3% within the platelet layer is another result that needs some interpreta-
tions. This extremely low efficiency was inferred from the single-point thermodynamic considerations under
the assumption that 1.1–1.2 m-thick platelet layer is evenly distributed under the landfast MYI. However, one
can suggest that there may be a patchy spatial distribution of meltwater drainage through the MYI cover and,
hence, a patchy spatial distribution in the presence of the platelet layer. The formation of a platelet layer may
be limited to the patchy ‘‘cold spots,’’ where snow meltwater drains through the permeable MYI and partly
refreezes. Following Gough et al. (2012) and Purdie et al. (2006), if we assume an ice-volume fraction of 25–
35% within the platelet layer, the amount of solid ice within a 1.1–1.2 m-thick platelet layer would be too large
and disagree with the thermodynamic considerations. However, 25–35% fraction is feasible if platelet layer is
not continuous but occurs at 8–12% of the Wandel Sea MYI cover (a ratio between 3% and 25–35%). In other
words, only 8–12% of the MYI area may develop a 1.1–1.2 m platelet layer that has an ice-volume fraction of
25–35% to agree with the thermodynamic considerations above. However, the real spatial occurrence of cold
spots might differ if the mean thickness of these layers is distinct from the 1.1–1.2 m observed at m04 and/or
if the ice-volume fraction varies from the range of 25–35%.

Although the cold spot theory was developed in consideration that platelet layer forms everywhere below
MYI, there is a possibility that this layer has an artificial origin and is attributed to the mooring sites only.
The concern is that platelet layer only forms on the mooring line and instruments acting as conductors for
frazil/platelet crystals formation. However, there are at least two arguments supporting the regional ubiq-
uity of platelet layer. First, the platelet layer formation was inferred from the spatial separate data sets. The
ice sonar/IMB thermistor string was located about 8 m away from the CT mooring that perhaps indicates
that the platelet layer extended over an area with a diameter of at least 8 m. Second, if we suggest that
platelet ice had only formed along the mooring lines, it would have melted in warm water at all levels rather
simultaneously. Instead, our observations indicate the melting of the platelet layer took almost one month
(see section 5.3), and involved a gradual shoaling of the ice-ocean interface, suggesting the layer was more
two-dimensional with a relatively large horizontal extent.

Although the appearance of a platelet layer at m04 was attributed to the drainage of snow meltwater, the
ice-pumping process should also be considered as another possible mechanism related to water discharge
from under the tidewater glacier. However, the FIIC glacier does not resemble the ice shelves around Ant-
arctica and its terminus is represented by the debris of numerous calved chunks of ice—the icebergs’
m�elange held in place by landfast MYI (Kirillov et al., 2017). Such a configuration implies that the subglacial
discharge and ice-pumped platelet crystals likely occur within the m�elange area only and does not reach
the m04 position, which is about 15 km from the terminus.

5.3. Melting of the Platelet Layer
The platelet layer at the bottom of the MYI at the m04 site started to melt in mid-June. This moment coin-
cided with the end of snowmelt and was associated with warming of the under-ice water temperatures

Journal of Geophysical Research: Oceans 10.1029/2017JC013672

KIRILLOV ET AL. 12



above zero (Figures 5 and 8). Similarly to the growth phase, the melt phase is inferred from several lines of
evidence. First, the IMB records showed the rise of the dTIMB 5 0.03 contour between mid-July and mid-
August (Figure 7 and supporting information Figure S6). Second, the abrupt freshening of the surface layer
occurred concurrently with two separate melting episodes in the surface layer and coincided with rapid
shallowing of the ice-ocean interface during 23–30 July and 15–18 August (Figure 8). And finally, the CT at
3.5 m depth was released from the ice on 30 July, which is 1 week after the positive water temperatures
were first recorded under the ice, while the ADCP at 3.3 m depth was released on 7 August (Figure 6).

The first episode of warming in the surface layer coincided with the end of snowmelt in mid-July. The disap-
pearance of snow was followed by a considerable increase of temperature at the uppermost IMB thermistor,
which corresponds to the ice surface. The near-surface ice temperature increased from 10.38C to 10.98C
between 14 July and 20 July and became strongly correlated (10.91) with air temperatures during 21–26
July (Figure 8). Around the same time, water temperatures at 4.4 m depth started to rise on 13 July, became
positive on 23 July and peaked at 10.648C on 28 July (Figure 8). Although there is not enough data to ascer-
tain the heat source during the first warming episode, local solar heating is considered to be a major factor
resulting in the increase of under-ice water temperatures (Perovich & Maykut, 1990). There is no current
velocity data to examine the potential advective origin of this heat as the ADCP was encased within the ice
during this time. However, as the study area was completely ice covered during July, advection to m04 of
waters heated in distant ice-free areas was not likely possible.

Beyond solar heating of areas of open water, solar energy can affect under-ice water temperatures in two
different ways. First, shortwave radiation can penetrate directly into the under-ice mixed layer through the
MYI cover. Light et al. (2008) reported that 3% of the radiation incident on a bare 3 m-thick piece of MYI
was transmitted into the under-ice mixed layer, while Perovich (2005) showed that more solar radiation can
be transmitted through ponded MYI. The second way is related to drainage of warm melt pond waters
through the localized high-permeability zones in the ice cover during the early melt season (Eicken et al.,
2002). As a result, the under-ice meltwater also becomes thermally stratified with shortwave radiation
trapped in so-called ‘‘solar ponds’’ within the pycnocline (Perovich & Maykut, 1990). The disappearance of
warm water in the under-ice layer in the first half of August suggests that drainage of warm surface meltwa-
ter was likely responsible for the first warming episode rather than direct penetration of solar radiation
through the ice.

The second melting period of the platelet layer occurred in the middle of August and was associated with
positive water temperatures under the ice between 15 August and 6 September (Figure 8a). Specifically, the
greatest heating occurred between 18 and 20 August when the daily-mean temperature at 4.4 m depth
increased from 10.678C to 12.078C with an absolute maximum of 12.638C observed on 20 August at 03:00.
Contrary to the first warming episode, we suggest that the observed positive temperatures were associated
with the advection of warm water from the ice-free coastal regions. In section 5.4, we provide support for
this hypothesis and show the region where the warm surface water came from.

According to the upward propagation of the dTIMB transition zone, 0.5–0.6 and 0.4–0.5 m of the platelet
layer melted out during the first warming episode (23–30 July) and the beginning of the second (15–18
August; Figure 7 and supporting information Figure S6). Melting of 0.5–0.6 m (from 1.1 to 1.2 m) of the
platelet layer during the first melting episode is similar to the loss of about 2 cm of congelation ice accord-
ing to our heat balance estimations (section 5.2). This provides an insufficient amount of freshwater to drive
the observed change in salinity within the 3.5–5.0 m surface layer that would have required 11 cm of fresh-
water between 23 and 30 July. Similarly, during the second melting episode, the loss of another 2 cm of
congelation ice provides insufficient freshwater to explain the freshening in the 3.5–7.0 m layer between 15
and 18 August that would have required 39 cm of freshwater. Therefore, we suggest that the melt of plate-
let layer has a local effect and the drop of surface layer salinity occurs only near the ‘‘cold spots’’ covering
�8–12% of MYI area. For instance, the local freshening associated with melting 0.5–0.6 m of the platelet
layer with 25–35% solid ice fraction on 23–30 July would correspond to 0.11–0.19 m freshwater, which
agrees with the freshwater thickness (11 cm) required to drive the observed changes in near-surface salin-
ities. The melting of the remaining 0.4–0.5 m of the platelet layer would give another 14–23 cm of freshwa-
ter that is also reasonably close to the 0.39 m input evaluated from salinity changes during 15–18 August.
However, the large uncertainties in these estimates are related to the lack of salinity records above 3.5 m
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depth. The release of freshwater within the platelet layer as a liquid fraction could also cause the underesti-
mation of freshwater input related to the platelet layer melting.

Our suggestion that platelet layer melting causes the freshening in isolated ‘‘cold spots’’ is supported by the
fact that the surface layer salinity increased instantly after the platelet layer melting ceased (Figure 8). The
effect of salinification is evident within the upper 5.0–7.0 m layer during 30 July to 5 August (after the first
warming episode) and 18–25 August (after the complete melt of the platelet layer at the begin of the sec-
ond warming episode). We suggest that the gradual increases of salinity during these periods were related
to the lateral mixing with more saline surrounding waters which were not freshened due to the absence of
the platelet layers (‘‘no cold spot’’ regions covering the rest 88–92% of MYI area).

5.4. The Wind-Driven Advection of Warm Water From the Ice-Free Areas
In the previous section, we suggested an advective origin of the positive temperatures recorded under the
landfast ice at the m04 position during the second warming episode (15 August to 6 September). In contrast
to the first warming episode, current records became available after 7 August when the ADCP’s transducer
on m04 site was released from the melting platelet layer (see Table 1).

By the middle of August, the FYI over the coastal regions of the Wandel Sea had melted considerably and
these regions became partly ice free. From 11 August to 18 August, south-southeasterly winds of up to
8 m s21 (Figure 9) kept the coastal waters nearly ice-free in the vicinity of VRS (Figure 10, left). Radiative and
atmospheric heating caused the ice-free surface layer temperature to increase to up to 48C (and higher near
the coast) between 15 and 21 August (Bendtsen et al., 2017). In order to associate the second warming epi-
sode at m04 with a specific source region, we reconstructed the progressive Lagrangian path from the
uppermost ADCP level (7.5 m) for several days preceding 19 August, which is the date when the most pro-
nounced near-surface temperature increase occurred at m04. Figure 9 shows that starting on 10 August
water was transported 2–5 km d21 in east-northeastward direction. Although this direction does not coin-
cide with the heading of ice-free area relative to the mooring position, a Lagrangian path does not neces-
sarily need to correspond to a real path of water flow. Moreover, if we consider the clockwise Ekman spiral
across the strong density interface below the surface mixed layer (�4–6 m) and take into account the
88 compass error, we can speculate that the ice-free coastal waters near VRS might be a source region for
the warm water transported toward m04 in the middle of August.

We further speculate that the speed of water transport might be assumed as a more or less conservative
regional characteristic of flow in a unconstrained basin and, therefore, it can be used for a rough estimate
of the distance the water parcel was transported between 19 August and preceding dates (Figure 9). By

Figure 9. Progressive vector diagram showing the surface currents between 10 and 19 August 2015. White circles corre-
spond to 21:00 UTC time. (bottom) The wind speed at VRS.
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combining these distances (in the form of ranging circles) with a map of surface water temperatures mea-
sured on 15–21 August within the ice-free coastal areas, we can determine the likely source area of the
advected warm waters (Figure 10). The maximum near-surface temperature recorded at 4.4 m under the ice
at the m04 position on 22 August was 12.638C. According to the data collection published by Bendtsen
et al. (2017), the only region with surface temperatures exceeding this threshold was located NE from the
VRS where temperatures of 3–58C were observed �1–2 km from the coast on 15 August (Figure 10, area A).
The distance from this area to m04 is about 15 km, which aligns with the corresponding Lagrangian dis-
tance between 15 and 19 August. The alternative source of warm surface waters may be associated with an
area lying NW from the VRS (area B) that was also ice-free on 15–17 August. Unfortunately, CTD measure-
ments were not carried out in this area until 18 August when the air temperatures had already begun to
decrease from 3.88C on 16 August to 1.78C on 18 August (Figure 8). Therefore, it is likely that the observed
water temperatures of 1.9–2.38C within area B on 18 August, were already lower than those that existed in
the area on 15 August. It implies that area B could also be a source of warm temperatures recorded at m04
during the second warming episode.

6. Conclusions

We have presented an analysis of processes occurring at the ice-ocean interface under the landfast MYI in
the Wandel Sea during the melting period based on in situ observations from oceanographic and ice based
observing systems. Specifically we describe how meltwater drainage through the ice influenced the under-
ice thermohaline and ice related processes during the melt period between June and August 2015. Individ-
ual data sets were partially incomplete and direct observations of the under-ice platelet layer were not
made, but the existence of a platelet layer could be inferred through a detailed analysis of oceanographic
and ice observations. Schematically, the scope of the changes is presented in Figure 11, and the noteworthy
findings from this study can be summarized as follows:

1. Meltwater from the 1.2–1.3 m deep snow layer drained through the permeable MYI. This meltwater
decreased the salinity of the under-ice surface water layer and led to the double-diffusive favorable verti-
cal stratification. The corresponding supercooling of water (up to 0.58C below the freezing point was
recorded, although this value might be considerably overestimated) resulted in the formation of platelet
crystals, and fostered the formation of a 1.1–1.2 m-thick platelet layer at the ice-ocean interface between
mid-June and mid-July.

Figure 10. SAR-C satellite images showing the position of multiyear ice edge on (left) 17 August and (right) 19 August
and positions of CTD casts carried out in 15–21 August 2015 (Bendtsen et al., 2017). The shape of symbols indicates the
date of the CTD cast, and water temperature at 2 m depth is indicated by color shading. The ranging circles correspond
to the distance from the mooring position according to Figure 9.
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2. Based on simple thermodynamic considerations, we infer from the change in heat content within the
subsurface layer that the solid ice fraction in the platelet layer corresponded to about 4 cm of congela-
tion ice. Considering that the typical solid ice fraction in such layers is 25–35% (Gough et al., 2012; Purdie
et al., 2006), we estimate that platelet layers formed in individual ‘‘cold spots’’ corresponded to only
about 8–12% of the total MYI area. In reality, the spatial coverage of the platelet layer might nave been
greater if the average thickness of platelet layer in ‘‘cold spots’’ was less than the 1.1–1.2 m that we
observed at the m04 mooring location or/and if the ice-volume fraction was below 25%.

3. The subsequent melting of the platelet layer occurred at m04 site in two steps. The first 0.5–0.6 m of the layer
melted in the second half of July and was attributed to local radiative heating and possibly associated with
relatively warm water drainage from surface melt ponds. The final 0.4–0.5 m of the platelet layer melted in
mid-August when warm (2.638C) water was advected by winds from the ice-free coastal waters under the
MYI cover. Both melting periods were accompanied by a considerable local freshening of the surface layer.

These observations allow us to make several important conclusions about the seasonal evolution of the
landfast MYI in the Wandel Sea. We demonstrated that new ice can grow under the MYI cover during sum-
mer to form a platelet layer—a feature that has previously only been reported in the Antarctic. The platelet
layer may have been widespread in the Wandel Sea because large amounts of snow accumulated there dur-
ing winter 2015 and melted in summer. Melt water from snow provided a large freshwater input that, once
it has drained through the permeable ice cover, created a strong density interface favorable to double-
diffusive mixing and the appearance of supercooled water. In 2015, the platelet layer completely melted
out in one location during two separate melting periods associated with solar heating and advection of rela-
tively warm water from the ice-free coastal areas. However, the latter factor cannot be considered a regular
process. Moreover, historically there has been less open water present in the area and the accumulation of
heat in ice-free areas is highly dependent on the efficiency of air-ocean heat exchange during a relatively
short open water season. At the m03 mooring position, the platelet layer formed in late June but did not
melt during summer and subsequently turned into incorporated platelet ice. The persistence of this layer
might be an important for sustaining the thickness of MYI in the Wandel Sea as it may provide an additional
buffer against basal melt during the summer (Eicken & Lange, 1989). Although we cannot generate a
detailed overview of all comprehensive processes associated with drainage of snow meltwater under the
MYI cover in summer due to the lack of direct visual observations, we suggest that this work serve as a
good impetus and guide for future observations and research priorities in the Wandel Sea and other areas

Figure 11. Scheme of platelet layer-ocean interface evolution (not in scale).
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of persistent landfast MYI cover (e.g., Canadian Arctic) that are able to accommodate the a relatively thick
layer of snow compared to mean Arctic conditions.

The thick MYI landfast ice cover of the Wandel Sea in 2015 has persisted for years and represented an ice
cover hovering around its equilibrium ice thickness. This cover was likely formed from the sea ice passing
through Fram Strait and converging along the northeast corner of Greenland. Although the process of pack-
ing ice into the Wandel Sea is thought to be a persistent feature for this region, storms can modify the
regional ice patterns by pushing the landfast ice offshore and into the southward flowing ice cover being
exported through Fram Strait. Satellite imagery reveals that the MYI cover of the Wandel Sea has been sta-
ble since 2002. However between 8 and 10 September 2017, an entire area of the landfast MYI cover was
forced offshore by southerly winds exceeding 10 m s21. At the moment we cannot forecast the new ice
regime of the outer Wandel Sea shelf, but we suspect that such an event could not have occurred without
considerable thermal degradation of the MYI cover during the last several summers, as areas of open water
became more prevalent within the Wandel Sea. While it is likely that MYI from the Arctic Ocean will be
forced into the Wandel Sea and eventually freeze into the area and replenish the landfast MYI cover, we
cannot speculate on the frequency of such a flushing event and how this may impact future flushing events
out of the Wandel Sea.

Our findings should be considered carefully in order to understand if growth of platelet ice may contribute
significantly to the ice-mass balance and, therefore, the stability of landfast ice in the Wandel Sea. Although
the platelet layers seem to occur on a regular basis where, there are many unknown parameters still to be
investigated. New field experiments (including photo imaging and more frequent CT records at the ice-
ocean interface depths) and surveys are required to identify the spatial extension and occurrence of such
layers as well as their porosity. Textural analysis of MYI cores is also needed to identify if platelet ice contrib-
utes significantly to the thickness of landfast ice.

Although a higher snow precipitation and, hence, the increased effect of platelet ice growth might be
expected in a warmer climate (Thomas et al., 2016), the higher air temperatures and longer ice-free season
would result in more intensive lateral and basal melting of the MYI. These competing processes will partly
determine the future changes of Wandel Sea ice conditions and specify the physical and biological conse-
quences of these changes. For instance, a disruption and sporadic removal of old MYI cover from the outer
shelf may enhance vertical mixing related to wind, wave, and tidal action and facilitate an exchange
between cold Pacific Waters and underlying warm Atlantic layer. The biological implications of sporadically
disappearing MYI might be related to a change of freshwater balance because of a modification of shelf-
basin water exchange through the seasonally ice-free outer shelf. The uncertainties in these projections
makes our study of platelet layer formation an important step toward understanding of the future physical
and biogeochemical changes in the Wandel Sea and other MYI covered regions of northern Greenland and
Canadian Arctic.
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