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Abstract The thermodynamic properties of snow cover on sea ice play a key role in the ice-ocean-atmosphere system and have
been a focus of recent scientific research. In this study, we investigated the thermodynamic properties of snow cover on sea ice in
the Nella Fjord, Prydz Bay, East Antarctica (69°20'S, 76°07'E), near the Chinese Antarctic Zhongshan Station. Our observations
were carried out during the 29th Chinese National Antarctic Research Expedition. We found that the vertical temperature profile
of snow cover changed considerably in response to changes in air temperature and solar radiation during the summer. Associated
with the changes in the temperature profile were fluctuations in the temperature gradient within the upper 10 cm of the snow
cover. Results of previous research have shown that the thermal conductivity of snow is strongly correlated with snow density.
To calculate the thermal conductivity in this study, we measured densities in three snow pits. The calculated thermal conductivity
ranged from 0.258-0.569 W-m™-K™'. We present these datasets to show how involved parameters changed, and to contribute to a
better understanding of melting processes in the snow cover on sea ice.
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1 Introduction

In the polar regions, sea ice cover provides a platform for
the formation of snowpacks because the solid form is stable
for a long time, whereas snow falling into ice-free water
melts immediately. The thermodynamic properties of snow
cover change as the snowpack hardens. The initial density
of natural fresh snow is about 0.1 g-cm™, while after 30 and
50 days at a relatively constant temperature of —13°C, the
density increases to 0.3 and 0.4 g-cm?, respectively!'. In the
past, researchers studying energy exchange over snow cover
have had to use estimates of the thermal conductivity of
snow based on regression equations relating to snow density.
The thermal conductivity of snow is a function of snow
density!” and a value of 0.31 W-m™K"' has been used for the
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thermal conductivity of snow in the majority of large-scale
sea ice models®*. There is a temperature differential with
depth in the snow cover and the properties of snow are highly
temperature-dependent™. Brandt and Warren™ reported that
temperature gradients in the snow affect ice-grain evolution
and therefore the optical properties of the snowpack, and
the optical properties in turn affect the vertical distribution
of absorbed energy. Albert and McGilvary' suggested that
the effects of heat transfer related to air flow in the snow are
more obvious when there is a smaller temperature gradient
over the entire snowpack and a higher rate of air flow in
the snow than when there is a greater overall temperature
gradient and a lower rate of air flow.

In the coastal regions of Antarctica winds are relatively
strong as a result of the combined effects of katabatic and
synoptic forcing™. Because persistently strong winds exist
over the Antarctic sea ice, in particular immediately following
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precipitation events”, wind-driven redistribution is a key
factor influencing snow thickness!'?. Strong winds may
remove snow from easily erodible surfaces and relocate it
in accumulation areas, leading to substantial heterogeneity
in snow cover!"!l. The sculpting of the snow cover by wind
causes anisotropy in the surface morphology of the underlying
sea ice, augmenting the changes in thermodynamic
characteristics (such as albedo and heat flux) in horizontal
space. In general, the surface of the snow cover melts in
summer because of warm temperatures and high solar
radiation and the thermodynamic properties of the snow cover
undergo rapid changes in the short term.

Here we present an analysis of observational data
obtained during the 29th Chinese National Antarctic Research
Expedition in Prydz Bay, East Antarctica. The purpose of
this paper is to describe the thermodynamic properties of
snow cover on sea ice during the austral summer. We perform
multiple-parameter analysis, using data on temperature,
vertical temperature gradient, temperature rise rate, and
thermal conductivity in the snow cover. Melting takes place
within the snow cover as thermal conditions change. At the
same time, the density of the snow cover changes in summer,
with a positive response to melt-water migration at all depths
throughout the snow cover layer.

2 Materials and methods

2.1 Study area

Antarctic sea ice consists predominantly of young or first-
year ice because most melts during the first summer after it
forms!'?, Our observations were carried out during the 29th
Chinese National Antarctic Research Expedition, and the
study site was located near the Chinese Antarctic Zhongshan
Station, in Prydz Bay, East Antarctica (69°20'S, 76°07'E). In
most years the sea ice is first-year ice, but occasionally the
ice does not melt completely in the summer and re-freezes,
forming multi-year ice. Generally, the ice cover is present
for no less than 10 months a year. The ice breaks up during
January and February, and re-forms about 1 month later ¥,
A large number of icebergs, including those calved from the
Dalk Glacier, tend to ground offshore from the Larsemann
Hills"®. In this area the prevailing wind comes from the
northeast, and this limits the clearing of winter ice and
smaller icebergs from the shore!'*!”,

A 9-cm diameter ice core was drilled at the study site to
determine crystal structure, and the result confirmed that the ice
was first-year fast ice. There are many crushed icebergs in the
study region, and the snow cover is unevenly distributed on the
leeward side of these iceberg remnants. The distribution of snow
cover on sea ice is influenced by a number of factors. There are
obvious differences in the thickness and morphology of snow
cover, and these differences are closely linked to features of
the surface ice, including rifts, ridges, and icepacks!"®'". Figure
1 shows the surface properties of sea ice. The surface appears
rugged because of the snow cover and scattered ridges and the

snow cover follows a belt-shaped distribution, with the long
axis consistent with the direction of the prevailing wind.
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Figure 1 Aerial photograph of the sea ice surface. Image captured
on 1 December 2012 from an altitude of 210 m. The geographical
position was 69°09'S, 76°07’E. The long axis of the belt-shaped
snow cover distributed on the sea ice is consistent with the
prevailing wind direction.

2.2 Observations

Figure 2 shows our study site among the belt-shaped snow
cover on the leeward side of a crushed iceberg sculpted by the
wind. The depth of the surrounding snow cover on the ice was
about 5 cm in addition to the long belt-shaped snow cover. The
maximum depth of the snow cover was about 90 cm, and the
maximum width of the belt-shaped deposits was about 400
cm. We performed a total of four measurements during the
period from 5-14 December 2012. Each sampling location
was 100 cm from the previous one and the four sampling
points were distributed along the long axis of the snow cover.
At each sampling location we used a snow shovel to dig a
snow pit vertical to the snow-ice interface. Because ice is
harder than snow, it was easy to identify the snow-ice interface
when digging the snow pits. We measured the snow depth
from the surface of the snow cover to the snow-ice interface
then measured the temperature of the snow cover. We used a
wooden ruler to measure depths in the snow pits, and used a
thermocouple thermometer probe embedded in the snowpack to
measure temperature, recording until no significant fluctuation
was observed to ensure the accuracy of the reading. The
accuracy of the thermocouple thermometer probe was 0.1°C.
Snow density was obtained by weighing a defined volume of
the snow sample. We used a known volume cylinder sampling
apparatus to collect the snow sample, and measured snow
density using a volume method in a cold laboratory onboard
the R/V XUE LONG icebreaker. For this study we used
meteorological data recorded by the meteorological instruments
onboard the R/V XUE LONG icebreaker.

3 Results and discussion

3.1 Meteorological conditions

Zhongshan Station has a climate typical of the Antarctic
continent, specifically with low humidity, strong winds, and
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low temperatures all year round with a large temperature
difference between winter and summer®, A multi-year
record of meteorological data was produced by averaging
monthly values for 1989-2008, and the monthly mean
temperature was between —4.4°C and 2.2°C in the austral
summer (December—February)™®!. The wind speed has an
obvious annual variation at Zhongshan Station, tending to be
higher in winter and lower in summer with gale-force winds
rare in the summer months?*#,
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The sky was mostly clear during the study period and
there were no significant weather change events (Figure 3).
From 1-2 December 2012, the air temperature decreased
sharply from 0.4°C to —2.6°C (Figure 3a) and the relative
humidity increased and reached 77% on 2 December (Figure
3b). At the same time, wind speed peaked at 7.9 m-s™', the
maximum value for the study period (Figure 3d). Relatively
cold weather continued for 2 d, then, from 3—4 December,
the air temperature increased from negative (—2.3°C) to
positive (4.2°C), and the relative humidity decreased. In the
following days (except 14 December) the air temperature
stayed positive. There was no obvious change in atmospheric
pressure from 5-9 December, but there was an increase from
9-13 December (Figure 3c).

3.2 Temperature, vertical temperature gradient, and

temperature rise rate of snow cover

The surface of the snow was not completely smooth

because of the effects of the wind; therefore the snow

depth was different in each of our snow pits. The depths

in the four snow pits were: 85 cm (5 December 2012),
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Figure 3 Daily average temperature (a), humidity (b), pressure (¢), and wind speed (d) throughout the study period.

85 cm (9 December), 90 cm (11 December), and 90 cm
(14 December). Figure 4a shows the vertical temperature
profiles of snow cover from the pit measurements (all the
temperature profiles were recorded at about 15:00 local
time). In the first pit dug in the snowpack on 5 December,
the snow depth was 85 cm and the temperature was below
—3°C at depths from 17-85 cm. The lowest temperature was
—3.9°C at the snow-ice interface. From 0-35 cm in depth the
temperature decreased gradually with an increase in depth,
then did not change significantly below 35 cm. Comparison

between temperature data collected on 5 December and
9 December shows an increase in snow temperature. The
most obvious change was that the —3°C temperature layer
migrated towards the lower stratum, to a depth of 55 cm. The
third pit was dug on 11 December, with a depth of 90 cm.
The data from this pit showed that the heating process was
still evident in the snow cover. The inversion layer present
at a depth of 70-90 cm may be a result of heat transport
from migrated melt water (discussed in section 3.3). This
inversion layer was not obvious in the fourth pit dug on 14
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December. Data from this fourth pit showed that the surface
temperature of the snow cover was lower than at the other
three sites. The decrease in the surface temperature of the
snow cover was the result of the lower air temperature on 14
December. The lowest temperature increased from —3.9°C (5
December) to —2°C (14 December) at the snow-ice interface.
An increase in temperature will result in a decrease in the
albedo of the snow and ice, and in turn an increase in solar
energy absorption, which may result in melting of the snow
and ice cover®. This positive feedback will accelerate the
temperature change in the snow cover and lead to different
vertical temperature profiles as recorded during the period
from 5-14 December 2012.

For the purpose of this study, we presumed that the
temperature differential only occurred in the vertical direction,
not in the horizontal direction for the same depth layer. The
temperature gradient is the ratio of the temperature differential
to the distance between two isothermal surfaces in a specific
direction (temperature gradient = —\/7/\/ Z, where\/ T is
the temperature differential between two isothermal surfaces
and \/Z is the distance between two isothermal surfaces in a
specific direction). Figure 4b shows the temperature gradient
at different depths of snow cover. The temperature gradient at
the surface of the snow cover was not calculated because the
air temperature field was not continuous with the snow cover.
The temperature gradient showed an obvious fluctuation
in the upper 10 cm of the snow cover, influenced by solar
radiation and air temperature. At depths from 10 cm to the
snow-ice interface, the temperature gradient ranged from
—0.1°C-cm™ t0 0.06°C-cm.

Temperature rise rate is a parameter used to characterize
the temperature change rate, and the unit is "C-d"". Solar
heating is concentrated in the top few millimeters of the
snow surface!. To eliminate the effect of surface temperature
fluctuation caused by solar radiation on temperature rise
rate, we studied the change of temperature rise rate at depths
from 20 cm to the snow-ice interface. Figure 4c shows the
temperature rise rate in different layers of the snow cover
throughout the study period. From 5-9 December, the
maximum temperature rise rate was 0.53°C-d" at a depth of 20
cm. During this period, the temperature rise rate followed a
linear decreasing trend with increasing depth. The temperature
of the snow cover increased in the period 9—11 December
(Figure 4a); however, the temperature rise rate followed
different trends with increasing depth. From a depth of 20-30
cm, the temperature rise rate decreased compared with the
previous period, but on the contrary, it increased at a depth of
30-80 cm depth. In the period from 11-14 December, from a
depth of 20 cm to the upper boundary of the inversion layer (70
cm), the temperature rise rate showed a linear increasing trend
with increasing depth. The results indicate that, during this
last period, the temperature rise rate trend was in an opposite
direction compared with the first period (5-9 December). This
was because the increase in temperature had a lag effect with
depth. As the temperature increased close to a temperature
that would melt snow, the temperature rise rate decreased and

tended to become stable.

3.3 Density of snow

The time series of density measurements obtained from the
snow cover is shown in Figure 5. Density measurement was
carried out on 5 December, 9 December, and 11 December
2012. The results show that the density was greater than 0.4
gcm throughout the snow cover layer in summer. This value
is significantly higher than the density of fresh snow™ %!,
Allworth™ suggested that snow cover densities could range
from 0.1-0.5 g-cm?, depending on the wind conditions prior
to deposition. On 5 December, the density measurement
varied little between the different sampling layers. From
the air-snow interface to a depth of 75 cm, the density was
in the range of 0.45-0.50 g-cm™, and the density increased
to 0.55 g-ecm? in the lower 10 cm of the snow cover. This
suggests that melting took place in the snow cover as the
snow temperature increased. Comparison between the
density data collected on 5 December and 9 December
shows that the density increased significantly in the top few
centimeters. When we collected snow samples in the bottom
few centimeters on 9 December, water trickled from the
snow samples. This is because the surface melting caused
an increase in water content, and as the melt water migrated
through the snow cover and collected in the bottom few
centimeters, the snow at the bottom was turned into slush.
This led to a density increment, and the density increased
to 0.79 g-em™ in the lower 10 cm of the snow cover. As a
result of moisture migration, there was a low-density area
above the slush layer. The density change caused by the
moisture migration was most clearly demonstrated in the
third density measurement on 11 December. First, the density
in the top few centimeters returned to the value recorded on 5
December, while from a depth of 10-30 cm the density was
higher than the previous value. Second, the low-density area
at the top of the slush layer had disappeared. Third, the melt
water in the slush layer was squeezed into the sea ice, and the
melting rate and water supply could not keep up with the rate
of loss, so the density returned to 0.5 g-cm™ in the bottom
few centimeters. However, the density associated with the
microstructural and mesostructural characteristics of the
snow cover was not invariable in summer. The gravity-driven
flow of melt water changed the density field of the snow
cover; therefore, there was significant variation in density
across the entire snow cover layer.

3.4 Thermal conductivity

Thermal conductivity (k) is an important thermodynamic
property that governs heat transfer in snow". It determines
the rate of heat transfer at the earth’s surface in snow-covered
regions, and its vertical profile influences temperature
gradients, which in turn drive the modification of the
structure and physical properties of the snowpack, including
the thermal conductivity itself??*,
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Figure 4 The vertical profiles of temperature from pit measurements (a), temperature gradient (b), and temperature rise rate (c).
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Figure 5 Depth profiles of snow cover density.

The heated-needle probe technique has long been used
for measuring the effective thermal conductivity of snow!””),
Some of the measurements in previous research were made in
situ in the walls of snow pits, while others were made on snow
samples that had been cut from the snow cover. Previous
results show that thermal conductivity is strongly correlated

with snow density?’*%3!, Empirical parameterizations that
relate the thermal conductivity to the snow density have also
been proposed®-?. Sturm et al.”! proposed the following
equations for seasonal snow:

ku=0.138—1.01p+3.233p

0.156 grem™ <p<<0.6 g-em™ (1)
k=0.023+0.234p  p<0.156 g-em® )

The above equations were used to calculate the thermal
conductivity from the densities measured in the three snow
pits in the current study. As shown in Figure 6, the thermal
conductivity varied from 0.258-0.569 W-m™-K"!. We note
that our results were consistent with results from previous
studies. Reported correlations show k. values ranging from
approximately 0.078 W-m™"-K™' for new snow to 0.290 W-
m™"-K"! for a ubiquitous wind slab®®”., Morin et al.”® found
that the values of k. ranged between 0.004 W-m™-K™' (freshly
fallen snow) and 0.35 W-m™K™' (dense snow at the bottom of
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the snowpack). It is also well known that snow structure and
density affect thermal conductivity®”. We can see that both
wind slab and the dense snow at the bottom of the snowpack
have higher thermal conductivity than the loose snow layer.
The snow was transported by wind and accumulated, and
there was no loose snow layer in the snow cover. The density
of compact snow cover was greater than 0.4 g-cm™ across the
entire layer in summer, so the calculated thermal conductivity
was relatively high.

Thermal conductivity/(W-m™.K1)
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Figure 6 Depth profiles of thermal conductivity. The thermal
conductivity was not calculated when the density was greater than
0.6 g-cm™.

4 Conclusions and future improvements

In December 2012, the thermodynamic properties of snow
cover were measured during the 29th Chinese National
Antarctic Research Expedition, in Prydz Bay, East Antarctica
(69°20'S, 76°07'E) near the Chinese Antarctic Zhongshan
Station. We studied the snow cover on the leeward side of
a crushed iceberg and the maximum depth was about 90
cm. During the study, the first field data (collected on 5
December) showed that the temperature was below —3°C
at depths from 17-85 cm, and the lowest temperature was
—3.9°C at the snow-ice interface. The temperature of the
snow cover increased from the snow-ice interface to the
surface, and the most significant observation was that the
lowest temperature increased from —3.9°C (on 5 December)
to —2°C (on 14 December) at the snow-ice interface. The
temperature gradient was relatively stable throughout the
study period. The temperature gradient fluctuated in the top
few centimeters of the snow surface, and at a depth of 10 cm
to the snow-ice interface, the temperature gradient was in the
range of —0.1°C-cm™ to 0.06°C-cm™". The thermal conductivity
of snow is a fundamental parameter in energy exchange and
metamorphic processes within the snow cover. Previous
research results have shown that the thermal conductivity
is strongly correlated with snow density™?”*%, The density
of snow cover was greater than 0.40 g-cm™ over the entire
layer in summer, and in the range of 0.40-0.79 g-cm®. The
calculated thermal conductivity ranged from 0.258-0.569
W-m'-K"

The thermodynamic properties of snow cover will

undergo a rapid change in summer, suggesting that snow cover
physics will have to be incorporated into the atmosphere-ice-
ocean system to properly represent snow surface mass and
energy exchange. Snow plays two important but somewhat
conflicting roles in the energy balance of the ice cover. On
one hand, because of its high albedo, it reflects up to 85%
of the incoming shortwave solar radiation”, significantly
retarding melting in the spring!®. On the other hand, because
it is an excellent thermal insulator, snow decreases the rate of
sensible heat transfer from the atmosphere. We will extend
our future work to include the optical properties of snow
cover, to better understand heat transfer mechanisms and the
melting processes in the snow cover layer.
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