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Abstract Thermodynamic processes of ice in three lakes and landfast ice around Zhongshan Station, Antarc-
tica, were observed in 2006. The mass balance of lake ice was compared with that of landfast ice. The responses
of lake ice and sea ice temperatures to the local surface air temperature are explored. Vertical conductive heat
fluxes at varying depths of lake ice and sea ice were derived from vertical temperature profiles. The freeze up
of lake ice and landfast ice occurred from late February to early March. Maximum lake ice thicknesses occurred
from late September to early October, with values of 156-177 cm. The maximum sea ice thicknesses of 167-174
cm occurred relatively later, from late October to late November. Temporal variations of lake ice and landfast
ice internal temperatures lagged those of air temperatures. High-frequency variations of air temperature were
evidently attenuated by ice cover. The temporal lag and the high-frequency attenuation were greater for sea ice
than for lake ice, and more distinct for the deeper ice layer than for the upper ice layer. This induced a smaller
conductive heat flux through sea ice than lake ice, at the same depth and under the same atmospheric forcing, and
a smoother fluctuation in the conductive heat flux for the deeper ice layer than for the upper ice layer. Enhanced
desalination during the melt season increased the melting point temperature within sea ice, making it different

from fresh lake ice.
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0 Introduction

Sea ice that grows attached to the coast, the front of
a glacier tongue or ice shelf, or a grounded iceberg, is
defined as landfast ice. Because of its immovability, it
has long been considered as an ideal measure of local
(141, RADARSAT
ScanSAR data has shown that landfast ice constitutes

climate change, similar to lake ice

about 28% by volume of sea ice in the Antarctic sec-
tor of 75°-170°E, during November!® . Because of its
longer ice season and larger thickness compared to pack
ice in the same region, landfast ice cannot be neglected

when evaluating the role of Antarctic sea ice within the

*Corresponding author (email: leiruibo@pric.gov.cn)

climate system. Lake ice thermodynamic processes can
influence the biological, chemical and physical processes
of lake systems. For example, the duration and com-
position of lake ice controls the seasonal heat budget
of lake systemsl®l. Lake ice modulates underwater light

(7 mixing processes!®!, and nutrient recycling

[9]

conditions
and oxidation'”. Ice breakup strongly influences plank-
ton dynamics!'?) and winter fish kil

Lake coverage in the Larsemann Hills region, where
Zhongshan Station is located, is 3.15%, representing a to-
tal area of 6.3 km?2. The lakes are mainly fed by snowmelt

runoffl’?l| and they may generally freeze over completely
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by ice in mid to late February, and become ice free by
the end of December to mid January of the following
year. The ice season of lakes close to the continental ice

(121 There are several islands

sheet is relatively longer
off Zhongshan, and the nearby bathymetry is greatly
undulated(!3]. Therefore, a large number of icebergs, in-
cluding those calved from Dalk Glacier, tend to ground
offshore from the Larsemann Hills. Landfast ice off Larse-
mann Hills usually breaks off in early summer, often
because of contemporaneous high wind speeds, monthly

(14, Freeze up

peak tides, and/or penetrating ocean swell
usually takes place in February or March. Occasionally,
a small portion of landfast ice may survive through sum-
mer to form multi-year sea ice within a narrow bay or
fjord, both of which provide protection from ocean swell
and wind fetch'®. Zhongshan Station can thus provide
an ideal supporting base for year-round synchronous in-
vestigations of lake ice and landfast ice thermodynamic
processes.

Thermodynamic processes of ices on three lakes in
the Larsemann Hills and landfast ice around Zhongshan
Station were observed through 2006. Snow thermal con-
ductivity and oceanic heat flux under ice cover were
estimated based on in-situ snow and landfast ice mass

16l The contributions of snow cover to

balance datal
the landfast ice thermodynamic processes were explored
based on comparison between the data from 2005 and
200617,

to compare the thermodynamic processes of landfast ice

The principal object of the current study is

with those of lake ice, forced by the same local meteoro-

logical conditions.
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1 Field work and data

Meteorological data were obtained from a manned
weather station, one kilometer inland from the experi-
mental site, at 14 m above sea level. During 2006 the
mean air temperature was —9.6°C representing a posi-
tive anomaly of 0.4°C compared to the mean from 1989
to 2006. The lowest monthly mean air temperature oc-
curred in July (-18.6°C), and the highest in January
(0.4°C). The lowest annual air temperature was —30.2°C,
on 28 July, and the highest was 7.6°C, on 5 January. Sur-
face winds at Zhongshan were generally from the north
or east (about 77.1% of the time).

Lake ice observations were made at Lakes Mochou,
Tuanjie and Progress (Figure 1). Lake Mochou was the
site of primary investigation. Morphological properties of
these lakes are shown in Table 1. Lake Progress is near
the continental ice sheet, whereas Lakes Mochou and
Tuanjie are near the coast. A water volume of about 60
m? per month was supplied from Lake Mochou to Zhong-
shan Station, through a pump fixed on the bottom of the
lake, about 10 m from its eastern shore. On 10 March,
three hot wire thickness gauges were deployed in a tri-
angular configuration at the centre of Lake Mochou, for
monitoring ice and snow thicknesses. The gauges had a
precision of 0.5 cm. Details on this gauge may be found

18] Measurements were taken from 17 March

in Lei et al.l
to 30 October, at a frequency of one to three days. On
10 April, a thermistor string was deployed among the
hot wire thickness gauges, to measure the vertical

temperature profile from ice to water. The thermistors

Table 1 Morphological properties of the lakes!*?

Lake Altitude/m Max. depth/m Area/m? Max. length/m Max. width/m
Mochou 10 3.8 5 000 50 30
Tuanjie 5 4.5 50 000 255 225
Progress 65 34 105 000 600 300

were assembled with PT100 sensors at level A, with a
precision of £0.1°C. The coherence of these sensors was
controlled by selecting those that read within £0.05 K
of each other during calibration prior to the deployment.
The vertical spacing of the sensors was 6 cm for depths
between 0 to —144 cm, and 12 cm for depths between

—144 to —204 cm. Measurements were taken from 18

April to 20 October, at an interval of 30 min. Snow and
ice thicknesses at Lakes Tuanjie and Progress were mea-
sured by making a hole with a drill with a 5-cm diameter
stainless steel auger. This was done every 5-10 days at
three holes, from 15 March to 17 November. The accu-
racy of the drill-hole method was £0.5 cm.

Landfast ice measurements were made at three sites,
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as shown in Figure 1. These were located off the north-
east coast of the Mirror peninsula (S1), off its northern
coast (S2), and to the south of Nella Fjord (S3). The
primary investigated site was S2. The shortest distances
from the S1-S3 sites to the coast are 400 m, 280 m and
150 m, respectively. The ocean depths at S1-S3 are 24.6
m, 35.7 m and 5.5 m, respectively. On 26 March, three
hot wire thickness gauges were deployed in a triangu-
lar form at S2, for monitoring ice and snow thicknesses.
Measurements lasted from 1 April to 20 December, at an
interval of 1-3 days. On 27 March, a thermistor string,
with specifications identical to the one at Lake Mochou,
was deployed at S2 to measure the vertical temperature
profile from ice cover to seawater. These measurements

were taken from 1 April to 12 December, at an interval

of 30 min.
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Figure 1  Locations of landfast ice and lake ice measure-

ments around Zhongshan Station in 2006.

2 Results

2.1 Snow and ice thickness

Figure 2 shows time series of ice thickness at multiple
sites and those of snow thickness over Lake Mochou and
S2. Every snow depth peak in the time series may be as-
sociated with a snowfall event. During a snowfall event,

wind speed was relatively weak, normally less than 4

m-s~ !, although the speed would increase rapidly by the
end of the snowfall event. Due to the snow blowing,
snow depth at both Lake Mochou and S2 was very small
throughout the experiment. Furthermore, lake ice sur-
face was relatively slippery, resulting in a smaller snow
depth at Mochou than that at S2.

Complete freeze up of Mochou, Tuanjie and Progress
occurred on 27 February, 1 March and 24 February, re-
spectively. The Freeze up date of lakes is related to lo-
cal atmospheric forcing, heat storage in the lake during
summer-fall, morphological properties of the lake and lo-
The freeze up of the Lake Mochou

occurred relatively early, which may be explained by its

cal topography!*9.

small size, and wind shields by hills and artificial struc-
tures around the lake. The freeze up of Lake Tuanjie oc-
curred latest, because of its relatively large size and lack
of the wind shields. The freeze up of the Lake Progress
occurred earliest, which may be attributed to its location
near the continental ice sheet. Ice growth rates at these
lakes were very similar after the formation of a contin-
uous ice sheet, until the end of July. Then the growth
rate at Lake Mochou dramatically declined, producing
the smallest ice thickness of all lakes. Annual maximal
ice thickness appeared earliest at Lake Mochou, latest at
Lake Progress. The smallest annual maximum ice thick-
ness was at Lake Mochou. This might be attributed to
the pump at the lake bottom, which may have produced
a larger heat flux from the water to the ice bottom.
Continuous ice sheets occurred on 1 March, 5 March
and 6 March at S1-S3, respectively. These dates were
slightly later than those of the lakes, because of the
lower freezing point of seawater. Nella Fjord is shallow
and well sheltered from the ocean swell and prevailing
winds. The S3 site froze 2-5 days earlier than other ar-
eas around Zhongshan Station (S1 and S2). Ice growth
rates at S1-S3 were very similar after the continuous ice
sheet formed, until the end of October. From then on-
ward, the ice growth rate at S3 became smaller and ice
thickness reached its annual maximum relatively earlier
(30 October, 167 cm). This might be attributed to the
shallow snow cover on the Larsemann Hills, where sand
and small stones were swept onto the leeward side of the
Mirror Peninsula, and deposited onto the ice surface of
Nella Fjord. Surface deposits of sand and stones reduced
albedo, promoting surface melt and ponding during late

spring and summer. The ice growth rate at S1 and S2
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Figure 2

remained close during the entire experiment. Annual
maximum ice thicknesses at both sites were reached by
the end of November, with values of 172 cm and 174 cm,
respectively. In other words, the landfast ice reached its
annual maximum thickness about 1-2 months later than
the lake ice around Zhongshan Station.

Figure 3 presents time series of ice growth rates at
Lake Mochou and S2, along with their monthly aver-
age values. Generally speaking, the ice growth rates at
Lake Mochou and S2 were similar throughout the en-
tire experiment, and their correlation coefficient was 0.82
(P <0.01).

occurred at the beginning of May, with values of 1.45

Maximum ice growth rates at both sites

cm-d~! and 1.35 cm-d~!, respectively. From then on-
ward, ice growth rates at both sites decreased with in-
creasing ice thickness. From the end of July onward, the
ice growth rate at Mochou decreased more rapidly than
at S2, causing a greater deviation of rate between the
sites. This resulted an earlier ice melting at Mochou.
This could be related to a smaller extinction coefficient

[20—21]

for lake ice which would allow more solar radi-

12—-17

Variation in snow depth (a), lake-ice thickness (b), and landfast ice thickness (c) during 2006.

ation transferred through the lake ice cover after July,

accelerating ice thaw.

2.2 Ice temperaturevertical profile and its re-
sponse to surface ice temperature

Figure 4 shows the temporal evolution of internal ice tem-
perature at Lake Mochou and S2. At both sites, the ice
temperature in the top layer fluctuated greatly, in re-
sponse to variations in surface air temperature. There
was substantial attenuation and lag for the fluctuation
at deeper layer, especially at S2. The temperature at ice
bottom remained at the freezing point of local water at
both sites. From mid September onward, ice tempera-
ture climbed as summer approached, which reduced the
ice-temperature gradient at both sites. However, the in-
crease in landfast ice temperature was greater than that
of the lake ice. Interior melt of sea ice may result in de-
salination, which makes sea-ice melt to be different from
that of lake ice.
increase the ice melting point, elevating the ice temper-

The desalination within sea ice may

ature above the freezing point of local seawater.
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To quantify ice temperature variations at Lake Mo-
chou and S2 in response to the daily changes in air tem-
perature, we calculated the daily ice temperature changes
at depths of —18 cm, 48 cm, —78 cm, —108 cm and
—138 cm, for both Lake Mochou and S2. The 10-
day mean calculated values are presented in Fig-
ure 5. Daily changes in ice temperatures decreased
with increasing depth for both lake ice and land-
fast ice. At the same depth, however, the mag-
nitudes of daily changes in lake ice temperatures
This diffe-

rence became more distinct with depth. The ratios be-

were greater than those in landfast ice.

Aug. Sep. Oct.
Month

Nov. Dec.

Growth rates of lake ice and landfast ice (a) and their monthly average values (b).

tween 10-day mean values of the daily variation of lake
ice temperatures and those of landfast ice were 2.3, 2.8,
3.4, 5.0 and 8.8, for depths of —18 cm, —48 cm, —78 cm,
—108 cm and —138 cm, respectively. The differences can
be explained by the difference in composition between
lake ice and sea ice. Sea ice is composed of pure ice crys-
tals, brine, solid salt, air bubbles and other impurities.
The outstanding difference between the compositions of
lake fresh ice and sea ice is that there is no liquid or solid
salt within the ice matrix. The phase fractions between
liquid salt and solid salt within sea ice depend on in-situ

ice temperatures. The changes in the phase fractions
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Figure 4 Evolution of internal temperature of lake ice at Lake Mochou (top), and of landfast ice at S2 (bottom); blue solid
lines represent ice-water interfaces, and gaps represent intervals when no data were available.

may release or absorb some heat. Thus, daily changes
in sea-ice temperatures were relatively weaker compared
with those in lake ice, despite forcing by the same at-
mospheric conditions. Furthermore, the relatively heavy
snow cover over S2 may have attenuated the daily
changes in ice temperature there.

Figure 6 shows the vertical profiles of daily minimum
and maximum ice temperature at Lake Mochou and S2,
from 20 April through 20 September. The profiles again
illustrated that lake ice temperature had larger daily vari-
ation than that of landfast ice. Because of a skeletal layer
at the bottom of landfast ice, which was composed of a
large fraction of brinel??!, there was a 5-10 cm isothermal
layer at the bottom of landfast ice. This layer did not
appear in the lake ice.

We now quantify the temporal lag of ice temper-
ature relative to those in surface air temperature. We
calculated lag correlation coefficients between ice tem-
peratures and surface air temperature, for two time win-
dows: from 1 June to 15 July, the period during the polar
night (period 1), and from 17 August to 30 September,
the period after the polar night (period 2).

The calculations are shown in Figure 7.
riod 1,
cient from the surface to a depth of —66 cm was
0.79+£0.07 at Mochou, which was 1.3 times as that at
S2, 0.60£0.13. The temporal lag according to the max-
imum lag correlation coefficient was 0.62+£0.40 d at Mo-

In pe-
the mean maximum lag correlation coeffi-

chou, which was 0.64 times that at S2, 0.98+0.71 d.
This temporal lag at —66 cm depth was 1.2 d and
2.1 d for Mochou and S2, respectively. In period 2, the
mean maximum lag correlation coeflicient from the sur-
face to a depth of =102 cm was 0.8940.04 at Mochou,
which was 1.2 times that at S2, 0.7740.08. The temporal
lag according to the maximum lag correlation coefficient
was 1.20£0.80 d at Mochou, which was 0.49 times that
at 52, 2.434+1.70 d. The temporal lags at =102 cm depth
were 2.5 d and 5.4 d for Mochou and S2, respectively.
The results from both periods indicate that the maxi-
mum lag correlation coefficients decreased linearly with
depth (P <0.01), and the corresponding temporal lags
increased linearly with depth (P <0.01) for both lake ice
and landfast ice.

2.3 Conductive heat flux through the ice cover

Conductive heat flux through ice cover is the primary
forcing for ice growth at the bottom. Vertical discon-
tinuity of the conductive heat flux through ice cover is
the crucial factor for interior ice melt. To quantify the
vertical discontinuity of the conductive heat flux, we cal-
culated the flux in the layers of —12 to —30 cm, —54 to —72
cm and —96 to —114 cm, for both Mochou and S2. The
flux was calculated by
Fo= kS 1)
where F, is conductive heat flux, k; is ice thermal
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Figure 5 Daily variation of lake ice and landfast ice temperatures, at varying depths.

conductivity, which is a function of ice temperature and
ice salinity?3=24 and (9T;/0z;) is vertical ice temper-
Figure 8 shows that the F. through
ice cover was primarily related to surface air temper-

ature gradient.
ature and ice thickness. Under the same surface air
temperature, the F. decreased with increasing ice thick-
ness. There was a notable high-frequency oscillation in
F, through the top layer (-12 to —30 cm), especially for
the sea ice at S2, similar to the time series of ice temper-
ature. This high-frequency oscillation was compressed in
the deeper layer. Under the same surface air tempera-
ture, the Fi. through both the middle (54 to —72 cm) and
low (96 to —114 cm) layers was smaller for sea ice than
for lake ice. Also similar to the time series of ice tempera-

ture, there was a temporal lag between the low-frequency
change of F, at the middle/low layers and that at the top
layer, especially for sea ice. The downward F, (negative
value) may occur at the top layer when the surface air
temperature increases rapidly, which causes conductive
heat to be concentrated in the subsurface layer of the ice
column. Conductive heat flux slowed distinctly decrease
when ice melt commenced, especially in the middle/low
layer, because of the weak ice-temperature gradient. For
the skeleton layer at the sea ice bottom, with substantial
brine fraction and small ice-temperature gradient, the F
at layers of 54 to —72 cm and -96 to —114 cm was
small for sea ice, during which time the ice bottom
immediately grew downward past the investigated layer.
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This reflects a sea-ice thermodynamic process that is dif-

ferent from lake ice.
3 Conclusions

A continuous ice sheet formed over the lakes and coastal
regions around Zhongshan Station from later February to
the beginning of March. The freeze date of the landfast
ice was slightly later (about 0-6 d) than lake ice. The
lake ice attained its annual maximum ice thickness from
the end of September to the beginning of October, 1-2
months earlier than landfast ice. The annual maximum
ice thickness was very similar for lake ice and landfast ice,
ranging from 167 to 177 cm, except at Lake Mochou. The
annual maximum ice thickness at Mochou was smallest,
which might be attributable to the influence of a pump
at the lake bottom.

Due to enwrapped brine and heavy snow over the
surface, temporal variations in landfast ice temperature
had a weaker response and a stronger temporal lag to
temporal variations in surface air temperature, compared
to lake ice. During the melt season, the sea ice tempera-
ture increased to warmer than the freezing point of local
seawater, because of the interior desalination. This re-
sulted in a weaker ice-temperature gradient and conduc-

tive heat flux than in lake ice.

8-29 9-28  10-28 11-27

Date

Variations in conductive heat flux at varying depths of lake ice (a) and landfast ice (b).

Under the same atmospheric forcing, the lake/sea
ice thermodynamic processes also may be influenced by
the solar radiations absorbed by the ice column, and by
the heat flux from the bottom water. Thus, optical and
standard oceanographic measurements (e. g., turbulence
measurements under the ice) still need to be made, in
association with mass balance measurements for a thor-
ough understanding of the thermodynamic processes of

lake ice and landfast ice around Zhongshan Station.
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