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Abstract: The Amery Ice Shelf is a major source of sea ice, whose production is linked to the global
climate. In 2019, a collapse event occurred in the Amery Ice Shelf; sea ice production before and
during this collapse needs to be studied. In this study, polynyas in the Amery Ice Shelf were
identified according to ice thickness, and sea ice production was obtained by calculating the heat
flux during winter (March–October) in 2013–2020. It was found that the sea ice production in the
polynyas fluctuated greatly, and the maximum annual ice production occurred in 2018, which reached
225.4 km3. As for the collapse event in 2019, it is assumed that it may have exacerbated the volatility
and instability of sea ice production.
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1. Introduction

Antarctic coastal polynyas are open-water or thin-ice regions formed by a divergent
ice motion because of offshore winds or oceanic currents; they usually appear regularly
in the same locations in winter [1]. Due to the poor heat insulation of thin ice in winter,
intensive heat loss in the atmosphere occurs in Antarctic coastal polynya areas and leads
to the formation of sea ice [2]. Antarctic coastal polynyas are important producers of sea
ice, and about 10% of sea ice in the Southern Ocean is produced from Antarctic coastal
polynyas [3]. When a large amount of sea ice is produced in the Antarctic coastal polynyas,
salt, originally in the seawater that later froze into sea ice, precipitates and then dissolves
in the surrounding seawater to form a very dense brine, which is a major source of the
world’s densest water whose name is Antarctic bottom water (AABW) [4,5]. Therefore,
studying the variability of the time series of sea ice production (SIP) in Antarctic coastal
polynyas helps to better estimate the associated AABW production. Recent studies found
that polynyas in the Amery Ice Shelf, which is located on the East Antarctic coast, are major
areas of SIP and AABW production in the Antarctica [6,7]. In addition, between 20 and
25 September 2019, the Amery Ice Shelf collapsed, which caused the disintegration of an
area of 1636 km2, which is roughly twice the size of New York City. As a result of the
collapse, the large iceberg D28 broke away from the Antarctic continent and slid into the
ocean. There is a great need to study SIP in the Amery Ice Shelf during the collapse event
and in the years preceding it.

For SIP calculation, the most widely used method is based on the heat flux. Assuming
that all heat flux from the surface of a polynya is used for ice production, the heat loss
from the surface of the polynya is calculated based on a reanalysis of the meteorological
data, and SIP can subsequently be calculated from the heat loss as a function of the ice
production. In order to implement the heat flux-based calculation of SIP from polynyas,
two key steps are required: polynya extraction and heat loss calculation. As for polynya
extraction, passive microwave radiometer is widely used to retrieve sea ice thickness (SIT),
and then polynyas are extracted according to the threshold of SIT [6,8,9]. Regarding heat
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loss calculations, it was found that heat loss has four components, i.e., shortwave radiative
heat flux, net longwave radiative heat flux, latent heat flux and sensible heat flux [3,6].
Methods for calculating these heat fluxes in the Antarctic coastal sea ice and open-water
regions were summarized [10].

In this paper, the time-series variation of SIP in polynyas in the Amery Ice Shelf from
2013 to 2020 was analyzed, considering the impact of the ice shelf collapse event on SIP.

2. Methods
2.1. Extraction of Polynya Areas

The key to the extraction of a polynya extent is retrieving SIT. Thin ice (SIT ≤ 0.2 m),
thick ice and seawater have large differences in passive microwave brightness tempera-
tures (TBs) due to differences in their physical properties (e.g., surface salinity, surface
temperature, dielectric properties) [11,12]. In this paper, Advanced Microwave Scanning
Radiometer 2 (AMSR2) Level3 monthly TB data with grid size of 10 km × 10 km, provided
by the Japan Aerospace Exploration Agency (JAXA), were used for retrieving SIT. TBs at
36.5 GHz and 89 GHz were used because they can provide information about the salinity
of sea ice surface, which is highly correlated with the SIT of thin ice. It was found that there
was a negative correlation between the polarization ratio (PR) of TBs and the SIT of thin
ice [6,8]. The PR can be calculated by Equation (1). Based on this relationship, the SIT of
thin ice can be calculated with Equations (2) and (3) [8]

PR = (TBs(V) − TBs(H))/(TBs(V) + TBs(H)) (1)

h(89) = exp (1/(104 PR(89) − 0.07)) − 1.07 (2)

h(36) = exp (1/(72 PR(36))) − 1.08 (3)

where PR(89) and PR(36) represent the PR at 89 GHz and 36.5 GHz, respectively, and H and V
represent horizontal polarization and vertical polarization, respectively. If PR(89) ≥ 0.062 for
a particular pixel, the corresponding SIT is considered to be 0–0.1 m and is calculated using
Equation (2). If PR(36) of a certain pixel satisfies the relation 0.057 < PR(36) ≤ 0.083, the SIT
of the pixel is regarded as 0.1–0.2 m and is calculated using Equation (3). Sea ice with SIT
less than 0.2 m is identified as polynya.

After identifying polynyas, fast ice needs to be extracted, as fast ice and thin ice in
polynyas have similar physical properties, and fast ice is often misclassified as polynya [6]. In
this paper, gridded weakly data of Antarctic fast ice extent from 2013 to 2020, with a grid size
of 10 km × 10 km, provided by the National Snow and Ice Data Center (NSIDC), were used.

2.2. Calculation of Sea Ice Production

It is assumed that all the heat lost from a polynya into the atmosphere is used for
sea water freezing [8]. The key to calculating SIP is to calculate the heat loss Q, including
shortwave radiative heat flux S, net longwave radiative heat flux L, latent heat flux Fe and
sensible heat flux Fs

Q = S + L + Fs + Fe (4)

The four types of heat flux can be obtained from the fifth-generation atmospheric
reanalysis of the global climate (ERA5) data released by the European Center for Medium-
Range Weather Forecasts (ECMWF) [13].

SIP can then be calculated pixel by pixel according to the following equation:

SIP = Q/(ρi Lf) (5)

where ρi is the sea ice density, which is considered to be 920 kg·m−3, Lf is the latent heat of
melting of sea ice, and Lf is considered to be 0.334 MJ·kg−1 according to a previous study [8].

Using the above procedure, the SIP for each pixel in the corresponding period could
be obtained, and its spatial accumulation was used to obtain the total SIP in the polynya.
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3. Results and Discussion

Two polynyas in the Amery Ice Shelf were identified: the Cape Darnley polynya (CDP)
and the Mackenzie Bay polynya (MBP). Subsequently, the area and SIP of the CDP and
the MBP were calculated separately, and the time series of the polynyas’ areas and SIP
were analyzed.

3.1. Analysis of Polynya Areas
3.1.1. Accuracy Assessment of Polynya Areas

In order to verify the accuracy of polynya identification, the polynyas’ extension was
extracted by means of multiscale segmentation from high-resolution Sentinel-1 images
and was used as a reference for comparison. Taking the data from 20 September 2015 as
an example, the extent of the polynyas extracted based on Sentinel-1 images and AMSR2
images is shown in Figure 1. The two high-backscatter areas marked by the red line in
Figure 1a correspond to the studied polynyas; the larger polynya extending in the northern
part of the imaged area is the CDP, and the other is the MBP. The low-backscatter areas in
the middle of the two polynyas and along the shoreline on the western side of the CDP
correspond to fast ice. A comparison of the two figures showed that the locations and
ranges of the polynyas detected by the two data sources were basically consistent. Then,
a quantitative comparison determined that AMSR2 detected the polynyas with a certain
degree of accuracy, as shown in Table 1.
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Figure 1. Comparison of the polynyas identified on 20 September 2015 based on (a) Sentinel 1 and
(b) AMSR2 data. The areas within the red line are polynya areas extracted based on SAR in this paper.

Table 1. Comparison of the results of extracted polynya areas based on Sentinel 1 and AMSR2 dat.

Area of CDP (km2) Area of MBP (km2)

Based on Sentinel 1 6203 979
Based on AMSR2 6400 900

Difference 197 79
Proportion of the Difference 3.2% 8.1%

3.1.2. Time Series Analysis of Polynya Areas

The annual mean polynya area was calculated by averaging monthly data, and then
the interannual change in the annual mean polynya area from 2013 to 2020 was analyzed.
The corresponding graph is shown in Figure 2.

Overall, the trends showed that both polynya areas tended to decrease, with small
fluctuations, and that the CDP and MBP variations were relatively consistent over the
2013–2020 period, with the exception of the 2014–2015 period, when the CDP extension
tended to decrease, whereas the MBP extension showed the opposite trend. All other years
showed relatively consistent increasing and decreasing trends. Both CDP and MBP showed
large fluctuations. The year with the largest annual mean area of the CDP was 2018, with
an annual mean area of 13,588 km2, while the smallest annual mean area of the CDP was
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detected in 2019 and was about 9850 km2; the year with the largest annual mean area of the
MBP was 2016, with an area of 8150 km2, while the smallest annual mean area of the MBP
was reported in 2017 and was about 4075 km2.
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3.2. Analysis of Sea Ice Production in the Polynyas
3.2.1. Accuracy Assessment of Sea Ice Production in the Polynyas

The key to the calculation of SIP is the extraction of the polynya area. For the cal-
culation of heat loss, efficient products are available (such as ERA5, etc.); so, the error
in the calculation of SIP in this paper is mainly related to the extraction of the polynya
areas. According to the comparison of the SAR images in Figure 1, the identification of the
polynyas based on AMSR2 data in this paper had a certain accuracy. In addition, the ERA5
reanalysis of the meteorological data used in this paper was also relatively reliable; so, the
calculation of SIP in this paper has a certain accuracy.

3.2.2. Spatial Distribution of SIP in the Polynyas

The annual mean SIP in the Amery Ice Shelf was calculated, and the spatial distribution
of SIP was mapped, as shown in Figure 3. In the CDP region, SIP was higher in the area
near the eastern fast ice and shelf and in the central area, while it was lower in the relatively
outlying areas to the west and north. In the MBP region, SIP was higher in areas close to
the Amery Ice Shelf and lower in areas to the north and east.
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Figure 3. Spatial distribution of the mean annual ice production in the polynyas in the Amery
Ice Shelf.

3.2.3. Time Series Analysis of Sea Ice Production in the Polynyas

The annual SIP in the CDP and MBP showed a relatively consistent trend, in high
agreement with the general trend in the area, as shown in Figure 4. Overall, the annual SIP
in the two polynyas fluctuated widely, with the overall trend of SIP fluctuating downward
for the CDP and upward for the MBP. SIP in the CDP was generally larger than in the
MBP, with the highest SIP occurring in 2018, when it was up to 137.5 km3, and the lowest SIP
occurring in 2019, when it was about 87.6 km3. MBP’s highest SIP was about 87.9 km3 in 2018,
and its lowest SIP was 45.9 km3 in 2014. Both CDP and MBP reached a maximum SIP in 2018.
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The multi-year average SIP in each month in the CDP and MBP are shown in Figure 5.
Both CDP and MBP showed their intra-year maximum production in March, and variances
in their SIP were the largest in March. The CDP showed a slowly decreasing general trend
of SIP, with the highest ice production in March, a slow increase in April–June, a decrease
in July, a secondary peak in August, and then a slow decrease again in August–October.
The MBP, on the other hand, showed a continuous downward trend of SIP, with a larger
decline in March–May and a smaller decline in June–October.
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3.3. Impact of the Collapse Event on Sea Ice Production

Considering the collapse event in the Amery Ice Shelf on 20–25 September 2019, the
daily SIP from 1 September to 10 October 2019 was calculated and analyzed. Time series of
the daily SIP are shown in Figure 6. The daily SIP in both polynyas before and after the
collapse showed a fluctuating downward trend. Before the collapse event, the SIP in the
CDP was fluctuating downward with a large amplitude, while that in the MBP was firstly
increasing and then decreasing. After the collapse, the daily SIP in the CDP decreased
to 0.10 km3 and then increased quickly, while the daily SIP in the MBP experienced a
‘down–up–down’ trend. It can be assumed that the collapse event may have exacerbated
the volatility of the SIP.
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4. Conclusions

In this paper, polynyas in the Amery Ice Shelf were identified, and their SIP was
calculated for 2013–2020. It was found that both polynyas in the Amery Ice Shelf showed
large fluctuations in the time series of area and SIP, with the maximum intra-annual SIP
occurring frequently in March. In addition, based on the analysis of SIP before and after the
collapse event, it is assumed that the collapse event may have increased the volatility of SIP.
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