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Abstract

Annual observations of first-year ice (FYI) and second-year ice (SYI) near Zhongshan Station, East Antarctica,
were conducted for the first  time from December 2011 to December 2012. Melt ponds appeared from early
December 2011. Landfast ice partly broke in late January, 2012 after a strong cyclone. Open water was refrozen to
form new ice cover in mid-February, and then FYI and SYI co-existed in March with a growth rate of 0.8 cm/d for
FYI and a melting rate of 2.7 cm/d for SYI. This difference was due to the oceanic heat flux and the thickness of ice,
with weaker heat flux through thicker ice. From May onward, FYI and SYI showed a similar growth by 0.5 cm/d.
Their  maximum thickness  reached 160.5  cm and 167.0  cm,  respectively,  in  late  October.  Drillings  showed
variations of FYI thickness to be generally less than 1.0 cm, but variations were up to 33.0 cm for SYI in March,
suggesting that the SYI bottom was particularly uneven. Snow distribution was strongly affected by wind and
surface roughness, leading to large thickness differences in the different sites. Snow and ice thickness in Nella
Fjord had a similar “east thicker, west thinner” spatial distribution. Easterly prevailing wind and local topography
led to this snow pattern. Superimposed ice induced by snow cover melting in summer thickened multi-year ice,
causing it to be thicker than the snow-free SYI. The estimated monthly oceanic heat flux was ~30.0 W/m2  in
March–May, reducing to ~10.0 W/m2  during July–October, and increasing to ~15.0 W/m2  in November. The
seasonal change and mean value of 15.6 W/m2 was similar to the findings of previous research. The results can be
used to further our understanding of landfast ice for climate change study and Chinese Antarctic Expedition
services.
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1  Introduction
In contrast to the rapid decline of sea ice extent and volume

in the Arctic, the total Antarctic sea ice area has increased by

about 0.4×106 km2 since the late 1970s (Liu et al., 2010; Parkinson

and Cavalieri, 2012). Sea ice observations from space-borne

sensors and in situ surveys have played a major role in under-

standing the variability of Antarctic sea ice. Ice thickness is a key

sea ice property, however, remote sensing of large-scale sea ice

thickness from space remains a major challenge (Kwok and Sul-

sky, 2010; Worby et al., 2008; Lu et al., 2014). Field observations

are the traditional approach to map Antarctic landfast ice thick-

ness.

Landfast ice forms along the Antarctic coastline and shelf

edges, typically in narrow bands with a varying width up to 150 km

from the continent (IPCC, 2013). It generally comprises between

5% (winter) and 35% (summer) of the Antarctic sea ice area

(Fraser et al., 2012), and a greater fraction of ice volume in East

Antarctica (Giles et al., 2008); therefore, landfast ice is an import-  
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ant factor in understanding Antarctic sea ice cover changes. Fur-
thermore, near-shore landfast ice can be feasibly used to exam-
ine the variations of Antarctic sea ice thickness with repeat ac-
cess for sea ice measurements (Heil et al., 2011).

The Antarctic Fast-Ice Network (AFIN) has been established
to coordinate landfast ice observations from scientific stations
operated by international contributors (Heil et al., 2011). Re-
search focusing on landfast sea ice in Lützow-Holm Bay found
that deep snow cover on multi-year ice (MYI) led to large thick-
ness growth during summer due to snow-ice formation at the top
of the ice, but only minor growth during winter (Kawamura et al.,
1997). Gough et al. (2013) investigated evolution of multi-year
snow-ice in McMurdo Sound and found that ice temperature re-
maining around –2.5°C until the first week of March, and ~200 cm
thick ice showed bottom melting at a constant rate of 0.2 cm/d
from mid-March to the end of April. In the Atka Bay, landfast ice
observations suggested that super-cooled water including plate-
let ice contributes strongly to sea-ice formation, snow cover was
very heterogeneous throughout the entire bay and strong east-
erly winds lead to thicker sea ice and snow cover in the west
(Hoppmann et al., 2012). Long-term field observations in the
Davis Station, Prydz Bay, showed that the maximum ice thick-
ness had inter-annual variation with a decadal increase from 130
cm to 180 cm (Heil et al, 1996, 2006).

At the Zhongshan Station (ZS), field work conducted in winter
1992 focused on first-year ice (FYI) and found that it was mainly
composed of congelation ice (He et al., 1998). Investigation of
landfast ice in Nella Fjord in summer 2003 showed that snow and

ice thickness both increased along the prevailing wind direction,
and average ice thickness was 170.0 cm, which may be a sign of
MYI (Tang et al, 2006). Annual mass balance and heat flux were
observed and estimated from mid-February to late November of
2006, providing important material comparison with the current
study, but MYI observations were not included at this time (Lei et
al., 2010).

In this paper, spatial and temporal evolution of landfast ice
near ZS was analyzed based on the field observations from
December 2011 to December 2012. Landfast ice breakup and re-
freezing were virtually recorded from the shore. Second-year ice
(SYI) observations were carried out for the first time, accompan-
ied by FYI observations near ZS. Snow thickness was recorded by
a sonar and stainless-steel ruler, while ice thickness was ob-
served manually by borehole measurements from March to
December. The winter spatial distribution of snow and ice thick-
ness inside Nella Fjord was assessed for the first time. The ocean-
ic heat flux was estimated by the residual method. Through ana-
lysis of these observations, the primary conditions of the annual
FYI and SYI cycle, were provided for scientific goals and expedi-
tion services.

2  Observations and methods

2.1  Meteorology
The ZS (69°22′S, 76°22′W) is located in the Larseman Hill of

East Antarctica, close to the Australian Davis Station and Russian
Progress Station (Fig. 1). All these stations are operated year-
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Fig. 1.   Location of the Prydz Bay (a) and Zhongshan Station (b); observation field in the Nella Fjord: fixed Sites P1 (solid triangle) and
P2 (open triangle), and Sections A, B, C, D and E with measurement sites (black dots) (c).
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round. In the operational year 2011/2012, annual observations at
ZS started in December 2011 after R/V Xuelong, Chinese polar
icebreaker, arrived with observation devices and continued until
December 2012 when snow and ice melted heavily.

Meteorological parameters including surface pressure, air
temperature, wind speed and direction, and humidity were
measured by the ZS automatic weather station (WMO No. 89573)
at an elevation of 15 m (Fig. 2a). Cloudiness and visibility were
recorded manually by a meteorologist at UTC 00:00, 06:00, 12:00
and 18:00 every day. Air temperature on the ice was recorded
every minute by a sensor T109 (Campbell Scientific, Inc., Logan,
UT, USA) deployed on a tripod (Figs 2b and c) near the ice obser-
vation Site P1 (Fig. 1c) from March 25 to November 30, 2012. The
altitude of the sensor T109 was 2 m.

2.2  Snow and ice

2.2.1  Fixed sites observations
The evolution of landfast ice, including breakage and refreez-

ing, was monitored manually in the sound of Nella Fjord by a di-
gital camera mounted on the shore. Photographs were taken
every 5 d from December 2011 to March 2012. The photographs
covered the area of Sites P1 and P2 (Fig. 1c). Part of the near-
shore landfast ice could survive to next winter and become SYI.
Those photographs offered a good material to detect the bound-
ary between FYI and SYI (Fig. 2b).

Manual snow and ice thickness measurements were carried
out at P1 and P2, about 100 m and 200 m off the shore, respect-
ively (Fig. 1c). The measurements started from March 10, 2012
and the frequency was 2–5 d, but paused during the two months
of polar night (end of May to end of July) and recovered after
then. Snow thickness was measured by a stainless-steel ruler,
which was pushed into the snow down to the ice surface to ob-
tain the thickness (Fig. 2d). The accuracy was 0.1 cm. Ice thick-
ness was measured by a gage with the accuracy of 0.1 cm in bore-
holes drilled by a Kovacs ice auger (5 cm in diameter) (Figs 2e
and f). At every observation, boreholes were drilled carefully to
avoid repeating the previous ones. Usually one borehole was

drilled at P1 for each observation day, but occasionally three
boreholes were drilled to assess the variations of thickness from
different boreholes. However, more than three boreholes were
drilled for every observation day at P2, because considerable
large variations in ice thickness among different boreholes were
found there in the initial measurements.

A tripod was deployed near P1 (Fig. 2b) and a sonar sensor
SR50A (Campbell Scientific, Inc., Logan, UT, USA) was mounted
to it to automatically record the snow thickness (Fig. 2c). An in-
frared sensor SI-111 (Campbell Scientific, Inc., Logan, UT, USA)
was also mounted to it to record the snow/ice surface temperat-
ure. The sampling frequency of both sensors was 1 min, and the
observation period was from March 25 to November 30, 2012.

2.2.2  Section observations
Five sections were positioned to survey snow and ice thick-

ness inside the Nella Fjord from September 29 to October 2, 2012.
This was the first time that winter spatial observations had been
carried out in this area, including 34 measurement sites along
five sections (Fig. 1c). The snow and ice thickness measurements
were made manually and in the same way as for the fixed sites.
The location of each site was recorded with a handheld GPS re-
ceiver. Spatial distributions in the whole fjord were obtained us-
ing a Kriging interpolation method.

3  Results

3.1  Meteorological conditions
In the annual cycle of December 2011 to December 2012, the

mean air temperature was –10.4°C (Fig. 3b). The highest monthly
mean air temperature occurred in January 2012 (–0.6°C) and the
lowest was in July 2012 (–19.6°C). The warmest and coldest daily
mean air temperatures were 6.1°C and –34.5°C, observed on
January 18 and May 24, respectively. The mean relative humidity
was 54% (Fig. 3c). The mean wind speed was 7.1 m/s, and the
highest hourly mean wind speed was 32.8 m/s recorded on June
29 (Fig. 3e). Precipitation was not observed at ZS, but it was avail-
able from Progress Station. Large accumulated precipitation oc-
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Fig. 2.   Automatic weather station at Zhongshan Station (a); overlook of the observation field, the black line represents the boundary
of FYI and SYI (b); photograph of the tripod (c); the stainless-steel ruler for snow thickness measurement (d); ice drilling by a Kovacs
ice auger (e); and ice thickness measurement by a gage (f).
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curred during June-August was 18–30 mm per month, while oth-

er months were less than 10 mm per month (Fig. 3f). The prevail-

ing wind came from the east, accounting for 48% of the annual

cycle period (Fig. 3g). Snowfall induced by the Prydz Bay cyc-

lones in Larseman Hill was frequent and snow was blown away

by the strong winds, which redistributed the snow spatial pattern.

Therefore, the measured snow accumulation was not sufficiently

accurate to represent the real snowfall amount.
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Fig. 3.   The time series of surface air pressure (a), surface air temperature (b), surface relative humidity of air (c), cloudiness (d),
surface wind speed (e), precipitation (f), and wind rose diagram (g). Gray dots represent hourly data in a, b, c and e, but 6-hourly data
in d. Black lines represent the daily mean values. The gray bar in f is the monthly accumulated precipitation at Progress Station.
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Compared with the climatology from Year 1989 to 2014, the
annual mean air temperature was 0.6°C lower, relative humidity
was 4% lower, and wind speed was 0.1 m/s larger.

3.2  Ice breakup and refreezing
The landfast ice characteristics shown in Fig. 4 were charted

by photographs taken along the coast, field records, and high-
resolution satellite images. Ice floes of different sizes transported
by strong prevailing easterly winds were accumulated in the
northeast of ZS and usually survived over the summer to become
MYI (Area I in Fig. 4a). The landfast ice at the sound of Nella
Fjord started to melt at the end of October and melt ponds were
apparent from early December, 2011 (Fig. 4b). Ice was partly
broken up from January 23, 2012 after one strong cyclone visit
(Area II in Fig. 4a). Then, open water was present for about 20 d,
until mid-February, when the day-night melting-freezing cycles
commenced. Ice was formed again at the end of February to start
a new FYI. Melt ponds were common over Area III, but surround-
ing islands and small icebergs kept the ice unbroken. Area IV was
covered by thick snow and melting was common in the snow sur-
face, but the ice beneath the snow survived to the next winter.
Therefore, ice in Areas III and IV was MYI. According to field re-
cords, ice at P2 was SYI, which had different evolution compared
with MYI inside the fjord.

The ice breakup and refreezing time in late January and mid-
February were similar to observations near ZS in 2006 (Lei et al.,
2010) and at Davis Station since 2000 (Heil et al., 2006). The
breakup date and extent of breakage are strongly dependent on
the cyclone strengths and timing. The landfast ice could survive
to the next winter, indicating that ice in the Nella Fjord does not
disappear by melting, but by dynamic processes (Yang et al.,
2015a). The same phenomena was also observed on the Arctic
Siberian coast (Yang et al., 2015b).

3.3  Snow thickness
Snow thickness observed automatically at the sonar site and

manually at P1, P2, and the tripod are illustrated in Fig. 5. There
was a close relationship between the automatic and manual ob-
servations at the tripod site, with Pearson’s correlation coeffi-
cient of 0.71. This implies that the sonar sensor could record the
changes of snow thickness with high reliability. Between July and
August all measurement sites showed large snow accumulation,
but the values were considerably different. Considering the close
locations, this phenomenon suggested that snow accumulation
was strongly affected by the ice surface roughness and had large
spatial variations. Snowfall near ZS was caused by the moisture
transport induced by strong cyclones, and strong wind coming
along usually redistributed the snow cover quickly. Five major
snowfall events occurred and were recorded by the sonar after
June. Half of the accumulated snow was blown away by a strong
wind within 24 h after the snowfall events S1 and S2. In S5, snow
thickness reduced from 31.0 cm to 15.0 cm in 72 h because of the
strong wind.

Before June, ice surface was almost snow-free. The maximum
thickness record by ruler at the tripod site was 26.0 cm on Octo-
ber 29, but 31.0 cm measured by sonar on October 31 during the
snowfall event S5. Manual observations missed this important
largest value and date, but sonar captured it.

3.4  Ice thickness
The evolution of FYI at P1 and SYI at P2 is illustrated in Fig. 6.

The first field measurement was carried out on March 10 at P2
and the ice thickness was 116.0 cm. The first measurement at P1
was conducted one day later on March 11 and the ice thickness
was 22.0 cm, about 100 cm less than SYI at P2 (Fig. 6a). The FYI
grew continuously from March to October. From March to May,
the mean growth rate was 0.7 cm/d (Fig. 7), and between August
and October ice growth slowed down to the mean rate of 0.4 cm/d.
The maximum growth rates were around 1.0 cm/d, similar to the
observations of the landfast ice off ZS in 2006 (Lei et al., 2010).
The maximum thickness of FYI was 160.5 cm observed on Octo-
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Fig. 4.   Landfast ice characteristics in the Nella Fjord during January 2012 (a) and ice evolution in the sound of the Nella Fjord (b). In
Fig. 4a, the white circle represents the location of the camera and the black triangle shows the area of the coverage of the photographs.
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ber 25, 2012. This was less than 174.0 cm in 2006 (Lei et al., 2010),
176.0 cm in 2010, and 186.0 cm in 2011 observed by ZS wintering
personnel. Bottom melting started from the end of October, with
a rate of 0.4 cm/d. Melting became a little weaker in November,
0.3 cm/d, and in December it increased to 1.0 cm/d. During the
no-data period in the polar night, mean growth rate was estim-
ated as 0.8 cm/d.

The SYI showed a quite different curve in March, 2012, melt-
ing with a monthly mean rate of 2.7 cm/d (Fig. 6a), leading to ice
thickness reduction from 116.0 cm (March 10) to 57.0 cm (March
31). On March 10 and 11, an easy-drill-through layer was ob-
served at 60.0–80.0 cm depth below the ice surface. In the first
two weeks of April, SYI thickness changed slightly with a stable

value of about 60.0 cm. From April 15, SYI began to grow quickly.
The growing trend was similar to FYI, but SYI was generally 10.0 cm–
20.0 cm thicker than FYI. SYI growth slowed down in August and
began melting at the end of October. The maximum thickness of
SYI was 167.0 cm on October 29. Monthly mean melting rate in
November was 0.6 cm/d, twice that of FYI, but in December it
was only 0.5 cm/d, half of the FYI melt rate. The larger value of
SYI in Fig. 7 during November and December suggested that SYI
began to show larger spatial variation during the melting season.

The FYI growth and simultaneous SYI ablation in March have
previously been studied in detail and SYI ablation was attributed
to nonlinear temperature profile and internal melting (Zhao et
al., 2017).
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3.5  Observations variation
At P1, ice thickness variations between different boreholes for

each observation day were smaller than 1.0 cm. Considering the
flat surface, this indicated that the FYI grew synchronously and
the bottom was fairly smooth.

The ice thickness variation at P2 is shown in Table 1. A total of
17 visits were made to P2 in March, and in each visit, at least
three drillings were performed. On March 23, six boreholes were
drilled, the maximum number in this month. The measured ice
thickness varied from 55.5 cm to 88.5 cm, leading to the largest
thickness difference among the borehole sets (33.0 cm). The
mean ice thickness was 81.4 cm in March. The data presented in
Table 1 suggest that SYI thickness had a large spatial deviation in
a small spatial scale (~10 m) and the largest variation reduced
over time, likely because thinner ice grows more rapidly. The re-
corded ice surface unevenness was around 5.0–10.0 cm during
the winter, which implies that 30% of the variations came from an
uneven surface and 70% came from an uneven bottom.

3.6  Regional distribution
The spatial mean snow thickness was 11.3 cm inside the Nella

Fjord. Snow cover was thin in the eastern part and thick in the
western part of the fjord. The thickest snow was recorded in the
eastern end of Section D, exceeding the range of the 100-cm
ruler. Small icebergs influenced the snow distribution, and snow
around them was 5.0 cm–10.0 cm thicker than in other areas (Fig. 8a).
The overall distribution of snow in this fjord was determined by
the surface wind direction and topography. The prevailing strong
easterly winds blew the snow westward, and the north-south ori-
ented hills in the eastern side blocked the snow drift, forcing the
snow to accumulate there, leading to a “west thicker, east thin-
ner” pattern, as shown in Fig. 8b.

Similar to the snow thickness distribution, the ice thickness in

the east was generally larger than in the west, and the spatial cor-
relation coefficient between snow and ice thickness was 0.52. Ice
in 55% of the 34 sites was thicker than 200.0 cm, and the maxim-
um ice thickness was 307.0 cm in Section D. The spatial mean ice
thickness was 202.7 cm. A similar “west thicker, east thinner” pat-
tern and maximum ice thickness of 201.0 cm was observed in
January 2003 in the Nella Fjord (Tang et al., 2007).

3.7  Oceanic heat flux estimations
In the classic Stefan’s Law, ice surface temperature is used to

estimate ice thickness in the growth season. This law has been
used inversely for oceanic heat flux estimation; however, ice sur-
face temperature is rarely available, and therefore it is usually re-
placed by surface air temperature. In this study, we were able to
obtain snow/ice surface temperature (To), field surface air tem-
perature (Ta), and surface air temperature at ZS (Tzs) at the same
time. The daily mean values in Fig. 9 show that To was (1.3 ±
1.5)°C lower than Ta. The cases To < Ta accounted for 83% throu-
ghout the time series. Ta was (0.1 ± 3.4)°C larger than Tzs. The dif-
ference between Ta and Tzs was generally oscillating within a
range of ±5.0°C.

The residual method (Mcphee and Untersteiner, 1982) was
used to estimate the oceanic heat flux for FYI at P1 with the three
differently measured temperatures described above. This meth-
od has been already widely used in previous studies (Perovich
and Elder, 2002; Lytle et al., 2000; Purdie et al., 2006; Lei et al.,
2010). The residual method was also used with a full numerical
model of ice thickness by Yang et al. (2015a).

At the base of the sea ice, assuming a quasi-steady heat flux,
the thermal energy balance is simplified by

½iL fdH=dt = ki (Tf ¡ To) =H ¡ F w; (1) 

where ρi is the sea ice density at the basal layer, Lf is the sea ice
latent heat of freezing, dH/dt is the ice growth rate, ki is the
thermal conductivity of sea ice, Tf is the sea water freezing point,
To is the ice surface temperature, H is the ice thickness, and Fw is
the oceanic heat flux.

In Eq. (1) the term on the left-hand side represents latent heat
flux (Fl), resulting from ice growth, and the first term on the right-
hand side represents the conductive heat flux (Fc) at the base (Fc

≥ 0). For simplification, the thermal inertia is ignored in the

Table 1.   Statistics of SYI thickness variation at P2 in the differ-
ent months

Mar. Apr. Aug. Sep. Oct.

Number of measurements 17 10 6 7 7

Max drillings in single
measurement

  6   4 5 3 3

Mean ice thickness/cm 81.4 61.8 141.5   153.0   162.6  

Largest variation/cm 33.0 10.0 10.0   7.0   4.5
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Fig. 7.   Ice growth rate of FYI and SYI from March to December 2012.

  Zhao Jiechen et al. Acta Oceanol. Sin., 2019, Vol. 38, No. 5, P. 51–61 57



quasi-steady approach.

In the calculations, a three-record moving average was ap-

plied to the original observations, and then the observed ice

thickness was linearly interpolated into daily values. The growth

rate was calculated based on the interpolated daily values. Ice

density was set to 910 kg/m3, sea ice latent heat of freezing was

set to 333.4 kJ/kg, and thermal conductivity was set to 2.2

W/(m·°C). To examine the sensitivities of Fc to the temperature

from different sources, To, Ta and Tzs were used separately. Fc cal-

culated with To was (2.7 ± 3.9) W/m2 larger than that with Ta, and

(2.2 ± 9.1) W/m2 larger than that with Tzs.

The heat fluxes after a 7-d running mean are shown in Fig. 10.

From mid-March, Fc decreased with ice thickening and was close

to zero in the end of November when the ice surface temperat-

ure was around 0°C (Fig. 10a). Fl was stable around –20.0 W/m2

until the end of September, after which it decreased and become
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positive at the end of October. This indicated that the onset of the
basal melting resulted in a reversed direction of the latent heat
flux (Fig. 10b). Fw remained 20.0–40.0 W/m2 during the initial ice
growth period, with a maximum monthly mean value of (33.8 ±
7.5) W/m2 in March. After July, Fw fell to around 10.0 W/m2 (Fig. 10c).
The minimum monthly mean was (4.7 ± 8.0) W/m2 in September.

4  Discussion
Compared with the snow-free area, the thick snow cover on

FYI usually slowed down the ice growth in winter, leading to
thinner ice. However, for MYI in the Nella Fjord, thick snow cov-
er prevented solar radiation from penetrating into ice in summer,
so summer melting was limited to the snow layer (Maykut and
Untersteiner, 1971; Yang et al., 2015a). Snow layer melting and
re-freezing generated superimposed ice, then contributed to the
total ice thickness. These mechanisms explain why the thick MYI
was accompanied by deep snow cover. This phenomenon has
been previously observed on MYI in McMurdo Sound (Gough et
al., 2013).

Field records showed that the surface of SYI was almost level,
and therefore the variation occurred in the bottom geometry. Ac-
cording to Archimedes’ Principle, the scale of bottom topo-
graphy variations can be ten times the scale of surface topo-
graphical variations when the horizontal scale exceeds the char-
acteristic length of floating ice, which is tens of meters for 1 m ice.

The largest spatial variations of SYI thickness was 33.0 cm, much
smaller than MYI in the Arctic (~100 cm; Ackley et al., 1974), and
SYI in McMurdo Sound (~ 50 cm; Gough et al., 2013).

In winter, the cold and arid climate may cause substantial
sublimation. The sonar sensor recorded a total 1-cm surface sub-
limation in a no-snow-fall period from March 24 to April 3. The
mean sublimation rate was 0.09 cm/d, in accordance with the es-
timation by Yang et al. (2015a). Sublimation became weaker
when the surface became wet and ponds formed in the melting
season.

The scaling and heat balance of FYI and MYI annual cycle
was examined by a quasi-steady method (Leppäranta, 1993; Yang
et al., 2015a). After the open water had refrozen in mid-February,
FYI started to grow quickly because of the large temperature dif-
ference between ice surface and bottom, but SYI continued to
melt until mid-April. The quasi-steady heat balance was the
same as Eq. (1). It was clear that, since Fw>0, ice grows or melts
depending on the thickness. If Tf–To≈10°C and Fw ≈30 W/m2, we
have the thickness for equilibrium status (no melting and grow-
ing), H ≈70 cm. This means ice will melt when thickness is more
than 70 cm, which agrees with field observations. The bottom
melting of SYI was also observed in McMurdo Sound (Gough et
al., 2013), but the melting rate [(0.23 ± 0.02) cm/d] was much
smaller than observed in this paper.

Estimating Fw of SYI in March using Eq. (1), the value was
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Fig. 10.   Conductive heat flux at ice base (Fc) (a), latent heat flux (Fl) (b), ocean heat flux ( Fw) (c), and monthly mean estimated ocean
heat flux of FYI (d). All lines represent a 7-d moving average. Error bars in (d) represent the standard deviation of Fw in every month.

  Zhao Jiechen et al. Acta Oceanol. Sin., 2019, Vol. 38, No. 5, P. 51–61 59



around 100 W/m2, which was much larger than the FYI range. In
March, a soft layer was observed at 60.0–80.0 cm under the ice
surface, which suggests that internal melting occurred. Modeling
study by Zhao et al. (2017) showed that SYI in March had a non-
linear temperature profile and was isothermal in the low part.
The uniform temperature structure prevented the conductive
heat transport, leading to large internal and bottom melting.

5  Conclusions
The spatial and temporal evolution of the landfast ice, includ-

ing FYI and SYI near the Antarctic ZS during December 2011 to
December 2012 was studied using the field observations of the
wintering team. The year-long measurements of SYI and winter
surveys at several sections across the whole Nella Fjord were con-
ducted for the first time.

The landfast ice in the Nella Fjord showed melt ponds from
early December 2011, then ice cover partly broke in late January
after a strong cyclone, and open water re-froze in the middle of
February 2012 when the air temperature decreased. Other areas
of ice surrounded by icebergs and small islands survived until the
next winter. This allowed FYI and SYI to be simultaneously ob-
served near ZS for the first time.

In March FYI grew quickly with a mean rate of 0.8 cm/d, but
SYI experienced a rapid melting with a mean rate of 2.7 cm/d,
which have been related to the nonlinear temperature profile
and internal ice melting (Zhao et al., 2017). The SYI started to
grow quickly from mid-April and reached the maximum thick-
ness of 167.0 cm, a little larger than FYI maximum thickness of
160.5 cm. The FYI thickness showed minor spatial variations
(~1.0 cm), but SYI thickness varied substantially with the largest
variation 33.0 cm observed on March 23. This large thickness
variation was associated with the particularly uneven SYI bottom.

Snow distribution largely depended on the surface rough-
ness. According to sonar records, large snowfall events rarely oc-
curred before June, which was concordant with observations at
the Progress Station. Most snowfall was promptly blown away by
the strong wind. The largest snow thickness detected by sonar
was 31.0 cm at the end of October. Records at P1, P2, and the tri-
pod did not support the maximum value recorded by sonar, sug-
gesting that manual observations may miss important informa-
tion because of their low frequency.

Sectional surveys in the Nella Fjord were carried out in winter
and the results showed that snow and ice showed a similar pat-
tern of “east thicker, west thinner”. The spatial mean snow and
ice thickness were 11.3 cm and 202.7 cm, respectively, which was
much larger than FYI. The prevailing wind and topography influ-
enced the spatial distribution of snow thickness and then snow
melting in summer contributed substantially to MYI thickness as
the form of superimposed ice. This mechanism explained the
similar snow and ice pattern for MYI in the Nella Fjord.

The estimated oceanic heat flux had a similar annual cycle to
that shown by Lei et al. (2010) at ZS and Heil et al. (1996) at Dav-
is, but was different from the two-peak pattern at Mawson (Allis-
on, 1981). The annual average oceanic heat flux of 15.6 W/m2,
was larger than 5.6 W/m2 at ZS in 2006 (Lei et al., 2010), but simil-
ar to the findings of Yang et al. (2015a) who estimated the ocean-
ic heat flux of the landfast ice off ZS with a 1-D sea ice thermody-
namics model.

It should be noted that the lack of ice core data caused the in-
sufficient analysis of SYI melting and superimposed ice contribu-
tion to MYI in this study. Ice temperature/salinity profiles and
oceanographic observations beneath the ice should be carried
out simultaneously in future to further increase our understand-

ing of the mass balance of FYI and SYI near ZS.
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