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Abstract

Sea ice and snow are the most sensitive and important crucial components of the global climate system, affecting the
global climate by modulating the energy exchange between the ocean and the atmosphere. The sea near Zhongshan
Station in Antarctica is covered by landfast sea ice, with snow depth influenced by both thermal factors and wind. This
region frequently experiences katabatic winds and cyclones from the westerlies, leading to frequent snow blowing
events that redistribute the snow and affects its depth, subsequently impacting the thermodynamic growth of sea ice.
This study utilized the one-dimensional thermodynamic model ICEPACK to simulate landfast sea ice thickness and
snow depth near Zhongshan Station in 2016. Two parameterization schemes for snow blowing, the Bulk scheme, and
the ITDrdg (ITD/ridges) scheme are evaluated for their impact on snow depth. The results show that simulations using
snow blowing schemes more closely align with observed results, with the ITDrdg scheme providing more accurate
simulations, evidenced by root mean square errors of less than 10 cm for both snow depth and sea ice thickness. Snow
blowing also impacts the thermodynamic growth of sea ice, particularly bottom growth. The sea ice bottom increases by
9.0 cm using the ITDrdg scheme compared to simulations without the snow blowing, accounting for 12.5% of total sea
ice bottom growth. Furthermore, snow blowing process also influences snow ice formation, highlighting its primary
role in affecting snow depth. Continued field observations of snow blowing are necessary to evaluate and improve
parameterization schemes.
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1 Introduction

Sea ice and snow are important components of the
global climate system, playing a crucial role in reflecting a
large portion of incoming solar radiation. Antarctic sea ice
has exhibited a stable and gradual increasing trend since
the beginning of satellite observations (Parkinson, 2019).
The variability of Antarctic sea ice is influenced by multi-
ple factors and exhibits distinct regional characteristics.
Declines in Antarctic sea ice have primarily been ob-
served in the Weddell Sea and the Ross Sea (Parkinson,
2019; Hao et al., 2021b), though these long-term changes
are not statistically significant. Currently, it remains un-
clear whether the decrease in Antarctic sea ice since 2014

was the initiation of a long-term decline trend (Hobbs
et al., 2016). As a cooling source for the Earth, Antarctica
has a profound impact on global climate change, with sea
ice being an essential component of the Antarctic climate
system. Therefore, it is essential to strengthen observa-
tional and simulation research on Antarctic sea ice.
Zhongshan Station, located in Prydz Bay, Southeast
Antarctica, is surrounded by landfast sea ice, which
remains stationary relative to the land but experiences ver-
tical movement due to tidal influences. The presence of
landfast sea ice significantly affects China’s scientific
exploration and logistical support at Zhongshan Station.
Monitoring sea ice in Antarctica is of great significance.
However, substantial errors exist in satellite-derived sea
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ice thickness due to limitations in resolution and issues
such as cloud cover in satellite remote sensing data. The
accuracy of satellite-derived sea ice thickness is also
affected by snow on the ice surface, which can alter the
albedo of sea ice (Willatt et al., 2010; Kwok and Kacimi,
2018). Long-term continuous observations of landfast sea
ice thickness are scarce, relying mainly on limited manual
observations and sea ice temperature buoy observations.
Consequently, reliable data on Antarctic sea ice thickness
variations, particularly for nearshore landfast sea ice,
remain inadequate. As a result, numerical simulation has
become an important tool for studying Antarctic sea ice,
especially nearshore landfast sea ice.

Snow blowing commonly occurs on the surface of sea
ice (Trujillo et al., 2016), redistributing snow and affect-
ing its depth. The process of snow blowing changes the
distribution of snow over time and space (Vionnet er al.,
2014), leading to inconsistent snow distribution due to to-
pographic influences (Durand et al., 2005; Mott et al.,
2010). Landfast sea ice near Zhongshan Station is affect-
ed by katabatic winds (Xie et al., 2002; Sun et al., 2016)
and cyclones from the edge of the westerlies, which bring
strong winds during snowfall events. Consequently, snow
blowing frequently occurs on the landfast sea ice near
Zhongshan Station, significantly affecting snow depth.

Sea ice growth is influenced by the thermodynamic
energy balance. Sea ice and its snow cover act as an insu-
lating layer between the atmosphere and the ocean, affect-
ing the thermodynamic growth and mass balance of the
sea ice (Truyjillo et al., 2016). Snow has a high albedo, re-
ducing incoming shortwave radiation. The presence of
snow on the ice surface further affects the energy ex-
change in the atmosphere-ice-ocean in polar regions. In
Antarctica, thick snow cover limits the thermodynamic
growth of sea ice (Powell et al., 2005; Lewis et al., 2011).
Excessive snow depth can lead to negative freeboard
thickness of sea ice, resulting in the formation of snow ice
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as snow is compacted by seawater (Leppéranta, 1983).
During the melting season, the melting and refreezing of
snow contribute to increased sea ice thickness (Cheng
et al., 2003; Wang et al., 2015).

Changes in snow depth impact the absorption of solar
radiation by landfast sea ice, altering its thermodynamic
balance and affecting sea ice thickness simulations. This
study uses the one-dimensional thermodynamic numeri-
cal model ICEPACK to simulate the influence of snow
blowing on snow depth and thermodynamic growth on
landfast sea ice, which experiences minimal horizontal
movement and is primarily influenced by thermodynamic
process. Two existing parameterization schemes for snow
blowing in the ICEPACK model are employed, and the
results are evaluated against in-situ observation data to
quantitatively analyse the impact of different snow blow-
ing parameterization schemes on snow accumulation and
sea ice growth processes.

2 Data and method

2.1 In-situ observations

Observational data were collected from landfast sea
ice near Zhongshan Station between April and November
2016 (Fig. 1a). The observation site was located on land-
fast sea ice, approximately 600 m north of Zhongshan Sta-
tion (Fig. 1b) (Hao et al., 2019, 2021a). Both automatic
weather station (AWS) measurements and manual obser-
vations were conducted at the site (69°22'S, 76°22'E). The
AWS recorded hourly observations of wind speed, wind
direction, air temperature, relative humidity, surface tem-
perature, and solar radiation. Wind was measured using
three-dimensional sonic anemometer (CSAT3B), while air
temperature and relative humidity were recorded with an
HMP155 sensor. Surface temperature was monitored us-
ing an SI-111 sensor, and solar radiation was measured
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Fig. 1. Map of the location of Zhongshan Station (a) and the observation site on nearby landfast sea ice (b). The AWS
were set up, and manual observations were carried out at the site.
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using a Kipp & Zonen CNR4 sensor. Daily precipitation
equivalent data were obtained from the Russian Progress
IT Station, measured using a Tretyakov’s snow-rain pail
located approximately 1.0 km from the AWS site, and
were used for numerical simulations of atmospheric
foBrcing (Hao et al., 2021a).

Sea ice temperature buoy and manual observations
were also utilized. A sea ice temperature buoy, deployed
approximately 200 m from the AWS, automatically
recorded air-ice-sea temperature data. Developed by
Taiyuan University of Technology, the buoy had a resolu-
tion of 0.062 5°C, an accuracy of 0.5°C, and a sensor
spacing of 1.0 cm, with 250 sensors installed (Hao et al.,
2019). The buoy’s sea ice temperature data were used for
comparison with simulated sea ice temperatures. Sea ice
thickness was calculated based on temperature gradient
differences in different media using buoy’s sea ice tem-
perature data (Hao et al., 2019), and these calculations
were used to evaluate the simulated sea ice thickness.
Manual observations included snow depth and drilled sea
ice thickness data, conducted approximately once every
seven days, depending on the weather, starting from April
22, 2016. Manual observations were conducted near the
AWS site. Snow depth was manually measured using a
ruler, and ice thickness was determined by drilling a hole
at nearly the same location. The sea ice thickness data cal-
culated from the buoy had an error of less than 7 cm com-
pared to manually observed data (Hao et al., 2019).

2.2 Weather conditions

During the observation period, which covered the sea
ice freezing season until the onset of melt, the air tempera-
ture exhibited a fluctuating pattern (Fig. 2a), averaging
—15.5°C. Prior to October, air temperatures declined,
reaching their lowest values in late June, early July, and
early September. Starting in October, temperatures in-
creased, surpassing 0°C in early November. Zhongshan
Station, located on the Larsemann Hills near the Amery
Ice Shelf, has a slope of approximately 10—15 m/km to-
wards the south and is influenced by local topography.
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The station experiences katabatic winds from the east,
typically beginning in the evening and weakening by noon
the following day. The northern part of Zhongshan Sta-
tion is mostly covered by landfast sea ice (Fig. 1a). The
local terrain results in stronger temperature differences be-
tween day and night and stronger katabatic winds from the
ice sheet as weather clears. The average wind speed dur-
ing the observation period was 4.2 m/s, with clear diurnal
variations (Fig. 2b). After October, with rising tempera-
tures, the day-night temperature differences increased,
strengthening of the katabatic wind. The frequency of
wind speeds exceeding 10 m/s also increased. Precipita-
tion during the observation period primarily occurred as
snowfall. Several significant snowfall events occurred in
early July, early September, and late October (Fig. 2c).
The most severe daily snowfall occurred in early July, sig-
nificantly contributing to snow depth accumulation.

2.3 Model introduction

The ICEPACK model, a one-dimensional sea ice ther-
modynamic model, was used in this study. Released in
2018, it serves as the thermodynamic component of the
global sea ice model CICE, developed by the Los Alamos
National Laboratory in the USA. ICEPACK incorporates
a comprehensive range of physical processes and
complex parameterization schemes. Version 1.3.0 of
ICEPACK includes advanced snow processes (Hunke
et al., 2021), such as two snow blowing schemes: the Bulk
snow redistribution scheme (Bulk) and the Snow redistri-
bution and compaction by wind scheme (ITD/ridges, IT-
Drdg), both focusing on the impact of snow depth. In the
Bulk scheme, snow blowing occurs by reducing snowfall
reaching the ice surface, assuming the reduced snow en-
ters the ice leads. The ITDrdg scheme considers snow-
wind interactions, determining wind’s effect on snow
through densification (Lecomte et al., 2015).

In the Bulk scheme, a parameter p is defined as the ra-
tio of snow on ridges to that on level ice. The snow blow-
ing process reduces the snowfall reaching the ice surface,
assuming the reduced snow is transported to the leads.
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Fig. 2. Time series of hourly 2 m air temperature (a), wind speed (b), and daily cumulative snow precipitation (c)
during April 9, 2016-November 22, 2016. The dash lines in a and b indicate 0°C and 10 m/s, respectively.
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Surface Heat Budget of the Arctic Ocean (SHBEA) obser-
vations indicate that snow near ridges is 30% thicker com-
pared to that on level ice, with a default p of 0.3 (Sturm
et al., 2002). In the ITDrdg scheme, the snow blowing
process is achieved by controlling the interaction between
wind speed and snow. The snow is compacted by the
wind, and once the snow density reaches a certain value, it
is no longer affected by snow blowing. The scheme’s
default maximum snow density is 450 kg/m3. Both two
snow blowing schemes, along with a no snow blowing
scheme, were used in ICEPACK to quantitatively study
the impact of snow blowing processes on snow depth and
sea ice thermodynamic growth. Seven experiments were
conducted: a control experiment (Ctrl) with no snow
blowing scheme, Bulk scheme experiments with p values
0f 0.2, 0.3, and 0.4, and ITDrdg scheme experiments with
maximum snow densities of 400 kg/m3, 450 kg/m3, and
500 kg/m?3 (Table 1).

The initial sea ice thickness and snow depth used in
the simulations were based on observations from April 7,
2016, which recorded values of 85 cm and 10 cm, respec-
tively. Atmospheric forcing used AWS observations and
precipitation records from the Progress II Station be-
tween April and November 2016. Oceanic forcing used

Sin., 2025, Vol. 44, No. 3, P. 161-171

ECMWF ORASS (Ocean ReAnalysis System 5) data (Zuo
et al., 2019) and outputs from the Parallel Ocean Program
model (POP) (Collins et al., 2006), including sea surface
temperature, sea surface salinity, boundary layer depth,
and zonal and meridional currents.

3 Results

Landfast sea ice near Zhongshan Station typically be-
gins to freeze in late March or early April. It starts to
break up in mid to late January of the following year,
reaching its minimum extent by the end of February.
Landfast sea ice begins to melt in November with rising
air temperature, primarily due to bottom melting. Obser-
vations primarily focused on the freezing period of land-
fast sea ice for safety reasons, thus the simulations in this
study mainly concentrated on the freezing period, includ-
ing the initial melting phase.

3.1 Snow simulation

The simulated snow depth closely matched manual
observations before July (Fig. 3a). A significant snowfall
event on July 8 (Fig. 2¢) led to a noticeable increase in
snow depth. By July 13, the observed snow depth was

Table 1. Design of simulation experiments (Exp.) with different p values in the Bulk scheme and different densities in

the ITDrdg scheme
Ctrl Exp. 1 Exp. 2 Exp. 3 Exp. 4 Exp. 5 Exp. 6
Scheme none Bulk Bulk Bulk ITDrdg ITDrdg ITDrdg
P - 0.2 0.3 0.4 - - -
Density/(kg-m3) - - - - 400 450 500

Note: p represents the ratio of snow on ridges to snow on level ice, which is utilized in the Bulk scheme, while density signifies the

maximum snow densities threshold employed in the ITDrdg scheme. — represents no value.
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Fig. 3. Simulated snow depth using different snow blowing parameterization scheme and observed snow depth (a) and
the snow depth difference between other experiments and the Crtl experiment (b). Obs means the manual observation of
snow depth.
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37.0 cm but began decreasing as the snowfall event ended.

In the Ctrl experiment, the simulated snow depth on
July 13 was 28.6 cm. Using the Bulk parameterization
scheme with different p values, the simulated snow depths
were 25.0 cm, 23.6 cm, and 22.4 cm for Exps 1-3, respec-
tively. With the ITDrdg scheme, the snow depths were
25.9 cm, 25.3 cm, and 24.8 cm for Exps 4—6. Compared
to the Ctrl experiment, the Bulk scheme generally result-
ed in decreased snow depth except during snowfall events,
where it remained constant or increased. As the p value
increased and snowfall on the level ice surface decreased,
the simulated snow depth decreased. In the ITDrdg
scheme, snow depth increased during snowfall events and
then gradually decreased. Both schemes simulated thin-
ner snow depths compared to the Ctrl experiment. The
difference in snow depth between the Bulk scheme and
the Ctrl experiment remained relatively stable. However,
in the ITDrdg scheme, this difference increased over time
(Fig. 3b). This is because, in the Ctrl and Bulk experi-
ments, snow depth was not affected by wind after snow-
fall. In contrast, in the ITDrdg scheme, the snow contin-
ued to be influenced by wind until the wind speed
dropped below a certain threshold and the snow density
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reached its maximum threshold.

In the Ctrl experiment, snow depth accumulated dur-
ing snowfall events and began to decrease after surface
melting commenced in mid to late November. The Bulk
scheme reduced snow accumulation by decreasing precip-
itation, while the ITDrdg scheme accounted for wind
effects on snow, leading to a decrease in snow depth post-
snowfall events. After November, snow depth in the
ITDrdg scheme decreased significantly due to melting and
wind effects. Higher maximum density settings in the
ITDrdg scheme led to greater reductions in snow depth.
The results indicated that the ITDrdg scheme simulated
snow depths closer to manually observed values (Table 2),
capturing the overall trend of snow depth changes, inclu
ding the gradual decrease due to wind from July 13 to
August 22, consistent with observed values.

3.2 Seaice simulation

All experiments captured the general trend of sea ice
variation, including a decrease in thickness due to melt-
ing after November (Fig. 4). Simulated sea ice thickness
during April 9, 2016-December 25, 2016 was generally
thinner compared to the manually observed and buoy cal-

Table 2. Bias and root mean square errors (RMSEs) between the simulated snow depth, sea ice thickness and sea ice
temperature in different simulation experiments and the observed snow depth, buoys-based sea ice thickness and buoy-

based sea ice temperature

Value
Metric Variable
Ctrl Exp. 1 Exp. 2 Exp. 3 Exp. 4 Exp. 5 Exp. 6
Bias Snow depth/m 10.2 7.2 5.8 4.6 5.6 4.0 2.9
Sea ice thickness/cm =7.0 =55 —4.6 -3.8 2.7 -1.8 -1.2
Sea ice temperature/C 0.2 -0.1 -0.2 -0.3 -0.3 —0.4 -0.5
RMSE Snow depth/m 14.9 12.1 10.8 9.7 9.7 8.1 7.1
Sea ice thickness/cm 12.5 114 10.6 9.9 9.5 8.8 8.2
Sea ice temperature/ C 0.6 0.5 0.5 0.6 0.5 0.6 0.7
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Fig. 4. Simulated sea ice thickness using different snow blowing parameterization scheme and observed sea ice thick-
ness. Buoy means the temperature buoy calculated sea ice thickness and Obs means the manual observation of sea ice

thickness.
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culated thicknesses. The average buoy observed thickness
during this period was 136.5 cm, while simulated aver-
ages were 127.1 cm, 128.6 cm, 129.4 cm, 130.1 cm,
131.2 cm, 132.1 cm, and 132.7 cm for the Ctrl experi-
ment and Exps 1-6 experiments, respectively. The Ctrl
experiment demonstrated the thickest snow depth but the
thinnest sea ice thickness. Simulated and observed sea ice
thicknesses are similar until July (Fig. 4). After July 8,
significant differences in sea ice thickness emerged
(Fig. 4), correlating with increased disparities in simulat-
ed snow depth (Fig. 3b). The differences in snow depth is
significant and often corresponds to considerable differ-
ence in sea ice thickness (Table 2).

Simulated sea ice temperature corresponded well with
changes observed by sea ice temperature buoys. The aver-
age simulated sea ice temperature was —6.0°C, —6.2°C,
—-6.4°C, -6.5°C, —=6.5°C, —6.6°C, and —6.7°C for Ctrl and
Exps 1-6, while the observed average was —6.2°C. The
Ctrl experiment showed a slightly higher average temper-
ature than observed. Before July 13, the average simulat-
ed temperature was —7.3°C, slightly lower than the ob-
served —7.2°C. The average temperatures of other experi-
ments were lower than —7.3°C. After July 13, the average
observed temperature was —5.6°C, while simulated aver-
ages were —5.1C, -54°C, -5.6C, -5.7C, —5.7C,
—5.8°C, and —5.9°C for Ctrl and Exps 1-6. The Ctrl and
Exp. 1 simulations showed higher average temperatures
than observed (Table 2), consistent with the snow depth
simulation results. The thickest snow depth in the Ctrl ex-
periment effectively isolated energy exchange between the
ice and atmosphere.

Simulated sea ice thickness and temperature were in-
fluenced by snow depth. During the initial stage (before
July 8), minimal snowfall resulted in negligible differ-
ences in snow depth (Fig. 3b), sea ice thickness (Fig. 4),
and sea ice temperature (Fig. 5) among different experi-
ments, closely matching observed results. As snow depth

Hao Guanghua et al. Acta Oceanol. Sin., 2025, Vol. 44, No. 3, P. 161-171

accumulated, differences in simulated snow depth, sea ice
thickness, and sea ice temperature between the Ctrl exper-
iment and other parameterization schemes increased, with
simulated values generally higher than observed (Fig. 3a).

During the second stage (after July 8), thicker snow
depth in the Ctrl experiment acted as an insulator, result-
ing in higher sea ice temperatures and influencing ice
growth. The ITDrdg scheme simulated lower average sea
ice temperatures than observed. The maximum simulated
sea ice thicknesses (154.5 cm, 156.6 cm, and 158.1 cm)
were smaller than manual observations and buoy calcula-
tions (172.0 cm). The ITDrdg scheme’s simulated snow
depth, sea ice thickness, and observed results were closest
to each other.

3.3 Sea ice growth and melting

Sea ice growth included bottom growth, new ice for-
mation, and snow ice formation, while reduction involved
bottom and surface melting. In this study, the simulated
sea ice surface remained continuously covered by snow,
so surface melting primarily referred to the melting of the
snow cover. The process of surface sublimation primarily
affected the snow depth.

The contribution of bottom growth across different ex-
periments is shown in Fig. 6. Compared to the Ctrl experi-
ment, the Bulk and ITDrdg schemes demonstrated in-
creased bottom growth as simulated snow depth de-
creased. Snow cover can insulate the heat exchange be-
tween sea ice and the atmosphere. A reduction in snow
depth can lead to a decrease in sea ice temperature
(Fig. 5), thereby increasing bottom growth. In the Ctrl
experiment, bottom growth contributed 71.9 cm to sea ice
growth. The maximum sea ice thicknesses in the seven
simulated experiments were 148.4 cm, 150.7 cm, 152.2 cm,
153.6 cm, 154.5 cm, 156.6 cm, and 158.1 c¢cm for Ctrl and
Exps 1—6 experiments, respectively. After reaching maxi-
mum thickness, ice thickness decreased due to melting
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Fig. 5. Simulated sea ice temperature using different snow blowing parameterization scheme and observed sea ice
temperature. Buoy means the temperature buoy observed sea ice temperature.
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(Fig. 4). Before reaching maximum thickness, sea ice
thickened by 71.7 c¢cm, 73.9 cm, 75.5 cm, 76.9 cm,
77.7 em, 79.9 cm, and 81.3 cm for Ctrl experiment and
Exps 1-6 (Fig. 6), which included both bottom growth
and snow ice formation, with bottom growth being the
main contributor. Bottom growth in the Bulk and ITDrdg
schemes increased by 3.8 cm, 5.3 cm, 6.6 cm, 5.4 cm, 7.8
cm, and 9.0 cm compared to the Ctrl experiment, with the
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maximum difference being 12.5% (9.0 cm in Exp. 6 com-
pared to 71.7 cm in Ctrl).

The formation of snow ice decreased as simulated
snow depth decreased (Fig. 7). In the Bulk scheme, only
Exp. 2 had 0.3 cm of snow ice, while Exps 3 and 4 had al-
most none. In the ITDrdg scheme, snow ice depths were
2.7 cm, 2.6 cm, and 2.6 cm, smaller than the 3.0 cm in the
Ctrl experiment. Compared to the average snow ice thick-
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Fig. 6. Simulated sea ice congelation (a) and the accumulated sea ice congelation over time (b) using different snow
blowing parameterization scheme, the percentage indicates the ratio of sea ice congelation to the maximum simulated

sea ice thickness in each experiment, respectively.
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ness of 2.7 cm in other experiments, the Bulk scheme sig-
nificantly reduced snow ice. Snow ice formed when thick
snow cover caused negative freeboard thickness, leading
to the replacement of snow with sea ice. In the ICEPACK
simulations, snow ice formation depended on ice thick-
ness, ice density, snow depth, and snow density. In the
Ctrl experiment, snow ice formed primarily in the later
stages, starting on September 1, with ice thickness and
snow depth at 141.2 cm and 31.2 cm, respectively. In
the ITDrdg scheme, snow ice formation mainly occurred
on July 11, with ice thickness at 131.7 cm, 132.2 cm, and
132.5 cm, and snow depth at 23.2 cm, 22.7 cm, and
22.3 cm. In the Bulk scheme, snow ice formation
occurred after October 29 in Exp. 1, with ice thickness
and snow depth at 148.8 cm and 37.3 cm, respectively.
The snow depth was larger than the results of the ITDrdg
scheme when the snow ice began to form in Exp. 1.
Reduced snowfall in the Bulk scheme resulted in almost
no snow ice formation. In contrast, snow continued to ac-
cumulate in the Ctrl experiment, with snow ice forming
mainly after September.

Sublimation differences among the simulated experi-
ments were minimal with values of 8.1 cm, 7.9 cm,
7.8 cm, 7.6 cm, 7.7 cm, 8.0 cm, and 7.8 cm for the Ctrl
experiment and Exps 1-6, respectively (Fig. 8). Snow
sublimation occurred throughout the simulation period,
increasing with air temperature after October. Snow sur-
face melting began after November (Fig. 9) with tempera-
ture rising, at 3.2 cm in the Ctrl and Bulk experiments, and
2.7 cm, 2.2 cm, and 2.2 cm in the ITDrdg scheme experi-
ments. Snow surface melting increased in the Bulk
scheme. Bottom melting primarily occurred after October

Change in sea ice thickness/cm
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(Fig. 10), reaching 8.7 cm in the Ctrl experiment, with
Bulk scheme showing maximum melting at 8.3 cm in
Exp. 1. Bottom melting in the ITDrdg scheme experi-
ments (Exps 5 and 6) exceeded Ctrl experiment results af-
ter middle November, at 9.7 cm and 9.2 c¢m, respectively.

3.4 Influence of snow blowing

Snow blowing primarily affects surface snow depth,
which in turn influences sea ice growth through thermo-
dynamic processes. In this study, the Ctrl experiment did
not include snow blowing processes. In contrast, Exps
1-3 used the Bulk scheme to reduce snowfall reaching the
ice surface, while Exps 4—6 employed the ITDrdg scheme
to account for wind effects on snow, including snow
transport and changes in snow density.

To illustrate the impact of snow blowing, we selected
the Ctrl experiment, Exp. 3 (using the Bulk scheme), and
Exp. 6 (using the ITDrdg scheme) for comparison over
the period from September 14 to October 10, a period
with no snowfall (Fig. 2¢). On September 14, the snow
depths in the Ctrl experiment, Exp. 3, and Exp. 6 were
38.5 cm, 30.1 cm, and 28.5 cm, respectively. The differ-
ences in snow depth were primarily due to the different
snow blowing scheme used in these experiments. By
October 10, the snow depths had decreased to 38.0 cm,
29.6 cm, and 24.7 cm, with reductions of 0.5 cm, 0.5 cm,
and 3.8 cm, respectively. During this period, there was no
surface melting or snow ice formation, so the decreases in
snow depth were primarily attributed to sublimation and
snow blowing. Both the Ctrl experiment and Exp. 3 expe-
rienced a 0.5 cm decrease in snow depth, while Exp. 6
saw a larger reduction of 3.8 cm due to snow blowing, ac-
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Fig. 8. Simulated snow sublimation (a) and the accumulated snow sublimation over time (b) using different snow
blowing parameterization scheme, the percentage indicates the ratio of snow sublimation to the maximum simulated

snow depth in each experiment, respectively.
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Fig. 10. Simulated sea ice bottom melting (a) and the accumulated sea ice bottom melting over time (b) using differ-
ent snow blowing parameterization scheme, the percentage indicates the ratio of sea ice bottom melting to the maxi-
mum simulated sea ice thickness in each experiment, respectively.

counting for 11.6% of the initial snow depth (28.5 cm) on
September 14. Cold temperatures during this stage indi-
cate that snow blowing was the main factor reducing snow
depth. Manual observations on September 13 and Octo-
ber 11, showing snow depths of 18.5 cm and 14 cm, re-
spectively, closely matched the 4.5 cm shown reduction in
Exp. 6.

Another period, from October 30 to November 26,

was selected to examine the impact of snow blowing
during a later stage, which included sublimation, melting,
snowfall, and snow blowing processes. On October 30,
the snow depths in the Ctrl experiment, Exp. 3, and Exp. 6
were 42.1 cm, 33.4 cm, and 27.5 cm, respectively. By
November 26, these depths had decreased to 35.4 cm,
27.0 cm, and 15.2 cm, with reductions of 6.7 cm, 6.4 cm,
and 12.3 cm, respectively. Although three snowfall events
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occurred during this period, the increase in snow depth
due to snowfall did not exceed 0.1 cm. Sublimation
accounted for 3.4 cm, 3.0 cm, and 3.0 cm of snow reduc-
tion, while surface melting accounted for 3.2 cm, 3.1 cm,
and 2.2 cm in the Ctrl experiment, Exp. 3, and Exp. 6,
respectively. Therefore, compared to the Ctrl and Exp. 3
experiments, Exp. 6 exhibited an approximate 7.1 cm re-
duction in snow thickness due to snow blowing. During
this stage, although sublimation and melting increased,
snow blowing remained the primary process reducing
snow depth. It is important to note that the simulation end-
ed on November 26 and did not cover the entire melting
season.

In summary, the snow blowing parameterization
scheme used in ICEPACK improved the simulation of
snow depth and sea ice thickness. The ITDrdg scheme
aligned more closely with the physical processes of snow
blowing, resulting in simulated snow depth and sea ice
thickness that were in better agreement with in situ obser-
vations, particularly in capturing the trend of snow depth.
However, due to the lack of in situ observations of snow
blowing processes on the landfast sea ice near Zhongshan
Station, our understanding of these processes remains lim-
ited.

4 Conclusions

The landfast sea ice thickness and snow depth were
simulated and evaluated using the one-dimensional ther-
modynamic model ICEPACK based on observational
data near Zhongshan Station from April to November
2016. This study focused on evaluating different snow
blowing parameterization schemes and their impact on the
simulation of snow depth and sea ice thickness. The simu-
lated results were compared to buoy observations and
manual observations of snow depth, sea ice thickness, and
sea ice temperature. Furthermore, the study examined how
various snow blowing parameterization schemes affected
simulated snow accumulation, melt, and sea ice growth
and melt processes in ICEPACK. A total of seven experi-
ments were conducted, including a Ctrl experiment with-
out a snow blowing scheme, three experiments using the
Bulk scheme, and three using the ITDrdg scheme. The
simulations primarily focused on the sea ice growth peri-
od, including the early stages of melting.

The simulation results indicated that snow depth simu-
lations using the snow blowing scheme closely matched
the observations, as evidenced by root mean square errors
(RMSEs) of less than 10 cm for the ITDrdg scheme. As
snow depth simulations improved, the sea ice thickness
simulation also became more consistent with the ob-
served results, with RMSEs for sea ice thickness less than
10 cm using the ITDrdg scheme. In contrast, the Ctrl ex-
periment, which lacked a snow blowing scheme, yielded
the thickest snow depth, thinnest ice thickness, and the
largest error compared to observations, with RMSE of
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12.5 cm and 14.9 cm for snow depth and sea ice thick-
ness, respectively. The thicker simulated snow depth in
the Ctrl experiment led to higher simulated sea ice tem-
peratures, with an RMSE of 0.7°C. Among all experi-
ments, Exp. 6 using the ITDrdg scheme exhibited the
smallest average error and RMSE compared to observa-
tions. However, the simulated sea ice temperatures using
the snow blowing scheme were generally lower than the
observed sea ice temperatures. Exp. 6 had the largest
error in simulating sea ice temperature compared to the
observed results, while Exp. 1 had the smallest error.

Snow undergoes various processes, including sublima-
tion, melting, and snow ice transformation. Snow blow-
ing process mainly affected snow depth, which in turn in-
fluenced sea ice thermodynamic growth. Changes in snow
depth primarily affect the bottom growth of sea ice, the
most important part of sea ice growth. The simulations
showed little differences in snow sublimation, slight dif-
ferences in snow melting and sea ice bottom melting, and
the largest differences in sea ice bottom growth due to in-
fluence of snow depth. The simulated sea ice thickness in-
creased by 71.7 cm, 73.9 cm, 75.5 cm, 76.9 cm, 77.7 cm,
79.9 cm, and 81.3 cm for the Ctrl and Exps 1—6 experi-
ments, respectively, primarily due to bottom growth with
little snow ice formation. The Ctrl experiment had the
most snow ice formation throughout the simulation peri-
od, with 3.0 cm. The simulated sea ice thickness using the
Bulk and ITDrdg schemes showed increased bottom
growth of 3.8 cm, 5.3 cm, 6.6 cm, 5.4 cm, 7.8 cm, and
9.0 cm compared to the Ctrl experiment, respectively.
Notably, Exp. 6 showed a 12.5% increase in bottom
growth compared to Ctrl.

Simulations using the snow blowing scheme effective-
ly reduced snow accumulation. Both the simulated snow
depth using the Bulk and ITDrdg schemes were smaller
than the Ctrl experiment. While the Bulk scheme did not
consider snow blowing effects after snowfall reached the
ice surface, the ITDrdg scheme continued to account for
wind effects on snow. Snow blowing was the main factor
influencing snow depth changes after snowfall, showing a
more significant impact on snow depth reduction than
sublimation, snow ice formation, and surface melting. The
simulation results using the ITDrdg snow blowing param-
eterization scheme were more reasonable when compared
to observations.

Snow blowing processes, often influenced by katabat-
ic winds, are common in Antarctica, particularly on land-
fast sea ice near Zhongshan Station. Snow blowing is an
important factor affecting changes in snow depth. Howev-
er, observing and studying snow blowing remains chal-
lenging due to a lack of in situ observations. Future
work should focus on long-term in sifu observations,
data collection, and analysis of snow blowing characteris-
tics, as well as verification and evaluation of snow blow-
ing parameterization schemes to enhance simulation re-
sults.
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