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Abstract on 25 February 2022 Antarctic sea ice extent dropped to a satellite-era record low level of

1.92 x 10 km?, 0.92 x 10° km? below the long-term mean. The area of sea ice was also at a record low level
of 1.24 x 10° km?2. Although no individual sector was at a record low, at the minimum there were negative sea
ice anomalies in all sectors of the Southern Ocean, with the largest in the Ross (contributing 46%) and Weddell
Seas (26%). The Amundsen Sea Low had a record low depth in October/November 2021, with a series of very
deep depressions giving strong offshore winds. These accelerated ice loss during the melt season, creating a
1.00 x 10° km? coastal polynya in the Ross Sea. In the northern Weddell Sea, westerly winds of record strength
led to ice export from the region.

Plain Language Summary Sea ice is a critical part of the Antarctic climate system that is an
important breeding habitat for seals and other marine biota, as well as playing an important part in the global
ocean circulation. Unlike the Arctic, where sea ice extent has decreased over recent decades, sea ice around

the Antarctic actually increased in extent for a large part of the record starting in the late 1970s. However, on
25 February 2022 the extent dropped to a record low level of 1.924 million square kilometers, 1 million square
kilometers below the long-term average. The origins of the sea ice loss can be traced back to extremely deep
storms in the Ross Sea in October and November 2021, and the very strong southerly winds that the storms had
on their western flank. These moved sea ice away from the Antarctic coast, exposing the ocean and allowing
solar heating to warm the ocean and give further sea ice melt. An additional factor was the very strong westerly
winds north of the Weddell Sea that moved sea ice out of this basin and toward the east.

1. Introduction

Antarctic sea ice extent (SIE) has displayed a complex pattern of change over the period for which we have
reliable data from passive microwave satellite instruments starting in the late 1970s. Until the mid-1990s there
was no significant trend in the annual mean total Antarctic SIE or the extent at the annual minimum (Figure 1a).
However, this was followed by an upward trend in both measures, which was accompanied by an increase in
the inter-annual variability (Fogt et al., 2022, Figure 1). The overall increase in SIE between the mid-1990s and
2014 masked large regional variations, such as the increase in the Ross Sea and decrease in the Amundsen-Bell-
ingshausen Seas (ABS) (Turner et al., 2015), which was consistent with a deepening of the Amundsen Sea Low
(ASL) (Raphael et al., 2015). A number of studies have examined the sea ice increase and suggested it was linked
to a range of high latitude and tropical forcing factors (Holland et al., 2017; Meehl et al., 2016; Stammerjohn
et al., 2008). It seems likely that more than one factor was responsible.

Following the record maximum annual mean SIE in 2014 the extent dropped dramatically, with record or
near-record low extent in 2017 in the annual daily maximum and minimum, and also the annual mean extent
(Figure 1a). The most anomalous decrease took place during spring (September—November) 2016, and was larg-
est in the Weddell and Ross Seas.

After 2017 there was a modest recovery in the annual mean SIE, although the values for 2018-2021 were much
lower than for the peak in 2014. From mid-October 2021 the sea ice began an early retreat (Figure Sla in
Supporting Information S1), reaching a record low SIE of 1.92 x 10° km? on 25 February 2022, which was
0.92 x 10° km? below the long-term mean. The area of sea ice was also at a record low level of 1.24 x 10° km?.

The SIE over the Southern Ocean is influenced by the major modes of climate variability, including the Southern
Annular Mode (SAM) (Lefebvre et al., 2004) and the El Nifio-Southern Oscillation (Turner, 2004). Anomalously
strong westerly winds when the SAM is in its positive phase can affect the speed of the Weddell gyre (Vernet
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Figure 1. (a) The minimum daily sea ice extent (SIE) (10° km?) for the Southern Ocean along with the daily maximum and annual mean for 1979-2022. (b) The SIE
anomalies for September 2021-February 2022 by 0.2° longitude bands. The hatching indicates where the ice extent anomalies in 2021-22 were extreme—that is, where
the SIE in 2021-22 lay outside the range for that longitude band and day across the 30 years 1991-92-2020-21. Hatching from top-right to bottom-left on blue regions
indicates extreme negative anomalies; hatching from top-left to bottom-right on red regions indicates extreme positive anomalies. (c) The ERAS5 mean sea level pressure
anomaly in spring 2021.

et al., 2019) and lead to more ice export from the Weddell basin. When the tropical Pacific Ocean is in a La Nifia
state the ASL is deeper (Li et al., 2021) with anomalously strong southerly winds north of the Ross Ice Shelf and
more equatorward sea ice transport. The ASL is deeper when the SAM index is positive (Fogt et al., 2012), so the
low is particularly deep during periods of positive SAM/La Nifia (Fogt & Bromwich, 2006).

Large scale atmospheric circulation anomalies are important in modulating SIE concurrently (Raphael &
Hobbs, 2014) and at several months lead-lag (Holland et al., 2018). However, the evolution of the melt season
and eventual minimum also depends greatly on local atmospheric extremes operating on daily timescales.
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Here we examine the development of the February 2022 record low SIE using daily satellite-derived SIE data
and high-resolution operational surface analyses. In Section 2 we describe the data used. Section 3 examines the
climatological factors that drive interannual variability in the annual minimum SIE. In Section 4 we consider the
evolution of the SIE anomalies around the Southern Ocean from the start of September 2021 to the minimum
in February 2022 and relate these to the atmospheric circulation anomalies. Section 5 summarizes the event and
discusses the 2022 minimum in relation to estimates of pre-satellite era sea ice variability.

2. Data and Methods

Sea ice variability and change were examined using daily (5-day trailing mean), monthly, seasonal and annual sea
ice data obtained from the U.S. National Snow and Ice Data Center Sea Ice Index (Fetterer et al., 2017 updated
daily). A number of algorithms have been employed to convert the satellite measurements into sea ice concentra-
tion (SIC). The Fetterer et al. (2017 updated daily) data use the NASA Team algorithm 1.1 SIC values (Cavalieri
et al., 1996 updated yearly), as data derived using this algorithm are available as a consistent time series from late
1978 to May 2021. For more recent occasions we use the NASA Team Near-Real-Time data (Meier et al., 2021).
Sea ice area (SIA) was computed as the mean SIC within a region multiplied by the size of the area, with SIE
calculated as the total area of all satellite pixels where the SIC equaled or exceeded 15%. SIE is a measure of the
region covered by ice that has a significant fraction and is relatively robust to different remote sensing algorithms.
SIA is more sensitive to small changes in SIC, such as occur at the start of the melt season, but it varies more
between products. As well as the total ice cover over the Southern Ocean, we also considered the SIE in five
sectors around the continent that have been used in many earlier studies. These are the Ross Sea (160°E-130°W),
the ABS (130°W-60°W), the Weddell Sea (60°W-20°E), the Indian Ocean (20°E-90°E) and the West Pacific
sector (90°E-160°E). Ice drift motion data were obtained from the Eumetsat Ocean and Sea Ice Satellite Appli-
cations Facility (https://osi-saf.eumetsat.int/products/osi-405-c).

Anomalies were computed as differences from the 30-year base period starting 1 September 1989. Daily anoma-
lies were taken as the difference from the mean 30-year SIE on that day of the year.

Atmospheric circulation was considered using the surface fields for 1979-2020 from the ERAS reanalysis
produced by the European Centre for Medium-range Weather Forecasts (ECMWF) (Hersbach et al., 2020). These
have a horizontal grid spacing of approximately 31 km and data are available every hour. For 2021 and 2022 we
used the ECMWF operational fields, which have a horizontal grid spacing of approximately 8 km.

3. Factors Controlling the Amount of Sea Ice at the Annual Minimum

The long-term average of annual sea ice maxima of 18.68 x 10% km? occurs on 24 September, with a decline until
an average minimum of 2.90 X 10° km? on 19 February. By this date the largest proportion, 45% (1.33 x 10% km?,
standard deviation (sd) 0.31 x 10° km?) of ice that has survived the summer melt is in the Weddell Sea sector, but
with 19% (0.56 x 10° km?, sd 0.26 x 10° km?) in the Ross Sea. The remaining ice is located in the ABS (14%,
0.40 x 10°km?, sd 0.12 x 10° km?), the West Pacific Ocean (14%, 0.41 x 10° km?, sd 0.12 x 10° km?) and Indian
Ocean (8%, 0.22 x 10° km?, sd 0.09 x 10° km?). The total Southern Ocean SIE at the minimum is therefore
strongly influenced by the amount of sea ice remaining in the Ross and Weddell Seas (Figure S2 in Supporting
Information S1).

To investigate the atmospheric conditions that influence sea ice at the annual minimum we examine the compos-
ite mean sea level pressure (MSLP) difference of the lower — upper quartile of sea ice minimum extent years
(Figure 2). The focus is particularly on October and November as these are the months when the most statistically
significant differences are found in MSLP. In addition, the importance of this period has been highlighted in
earlier work considering sea ice variability (Holland et al., 2017, 2018).

The signal for the Ross Sea (Figure 2, left column) shows a significantly deep ASL in October and November,
with a positive MSLP anomaly to the west in November, ahead of a low SIE minimum. This is consistent with
anomalously southerly winds that favor open water near the coast, along with thin, low SIC that can increase the
rate of ice loss through to February due to the ice-albedo feedback.
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Figure 2. The composite ERAS5 mean sea level pressure differences of the lower — upper quartile of sea ice minimum extent
years. Differences are for September (top), October (middle) and November (bottom) and the Ross Sea (left) and the Weddell
Sea (right). The bold lines indicate areas where the difference is significant at p < 0.05.
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The MSLP signature for the Weddell Sea SIE (Figure 2, right column) also indicates the importance of a deep
ASL for negative SIE anomalies. However, in addition, low MSLP over the continent and high pressure in lower
latitudes (especially over the South Atlantic) will lead to stronger west to northwesterly winds across the Weddell
Sea and favor ice export toward the east in the lead-up to the sea ice minima. These MSLP anomalies are char-
acteristic of the positive phase of the SAM, suggesting less sea ice at the minimum following a positive SAM in
the previous October and November.

These results add to evidence that the depth of the ASL is important in spring in order to precondition the sea
ice ahead of the annual minimum. However, the creation of SIE anomalies is episodic and often linked to deep
polar cyclones and localized wind extremes (e.g., Jena, Bajish, Turner, Ravichandran, Kshitija, et al., 2022; Jena,
Bajish, Turner, Ravichandran, Kumar, & Kshitija, 2022; Kohout et al., 2014; Vichi et al., 2019), with their subse-
quent maintenance depending on absorption of solar radiation and the nonlinear ice-albedo feedback.

4. The 2021/2022 Sea Ice Melt Season
4.1. Hemispheric and Regional SIE Evolution

In 2021 the total Antarctic SIE had an early maximum of 18.80 x 10% km? on 30 August, when the ice was
more extensive than the long-term mean maximum, with two notable positive anomalies: east of the Greenwich
Meridian (near 30°E) and in the Ross Sea sector (150°-120°W, Figure 1b). The positive anomaly near 30°E
persisted until mid-December, while that in the Ross Sea stopped abruptly in mid-November. The negative SIC
anomaly close to 50°W over the western Weddell Sea and immediately to the east of the Antarctic Peninsula
was a persistent feature over September 2021-February 2022 (Figure 1b). In the first 3 months after the sea ice
maximum, when the ice edge was north of the Antarctic Peninsula (Figure S3 in Supporting Information S1), the
negative anomaly moved toward the east in the climatological westerly flow (Figure 1b), reaching a maximum
in December and early January 2022. After that time, it declined slightly and shifted back toward 50°W. During
January and February, the greatest shift to a negative SIE anomaly took place in the Ross Sea sector and espe-
cially between 180°W and 120°W. In the ABS there were both positive and negative anomalies.

At the sea ice minimum on 25 February 2022 all five sectors around the continent had negative SIE anomalies,
with the largest contribution (46.3%, i.e., the anomaly contributions on the day of minimum) coming from the
Ross Sea sector, where the anomaly was —0.46 X 10 km?. A further 26.1% of the anomaly (—0.26 X 10% km?)
came from the Weddell Sea, with the remaining contributions being 14.6% (—0.14 x 10° km?) from the West
Pacific, 10.6% (—0.10 x 10% km?) from the Indian Ocean sector and 2.4% (—0.02 x 10 km?) in the ABS. Although
the total Southern Ocean SIE was at a record minimum in February 2022, none of the five sectors around the
continent had a record low SIE. The Ross Sea minimum in 2022 was 0.12 x 10° km?, the second lowest annual
extent in the record (the record low SIE was 0.06 X 10% km? set on 18 February 2017). The minimum extent in the
Weddell Sea in 2022 was 1.09 x 10 km?, which was the 12th lowest SIE, with the lowest being 0.78 x 10® km? on
20 February 1999. The West Pacific, Indian and ABS sectors were respectively the eighth, eighth and fourteenth
lowest in the 43-year record. We therefore focus particularly on the Ross and Weddell sectors as they made the
greatest contribution to the February 2022 negative SIE anomaly.

The February 2022 total Southern Ocean mean SIE of 2.15 X 10% km? was the lowest in the monthly mean SIE
record, although none of the previous months since the September 2021 sea ice maximum had a record low value.
However, the total SIA was at a record low level from December 2021 to February 2022. Regionally, no sector
had its lowest monthly mean SIE in February 2022. The Ross Sea, which contributed the most to the overall
negative sea ice anomaly on 25 February 2022, had only its fourth lowest February SIA.

4.2. The Ross Sea

Between September and December 2021, the ASL was anomalously deep, with a hemisphere-wide negative
MSLP anomaly in most months (Figure S4 in Supporting Information S1). During spring 2021 the mean MSLP
anomaly across 60°-75°S, 50°-180°W, an area previously used to consider ASL variability (Turner et al., 2013),
was the lowest from ERAS data, with the anomaly having a central value below —14 hPa (Figure 1c). The deep
ASL led to enhanced southerly flow, with spring mean 10 m southerly wind anomalies of >3 ms~! over approx-
imately 100°W—-160°W (box 1 in Figure 3a). The wind speed anomaly was largest in October when the deep
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Figure 3. (a) The daily mean 10 m meridional wind anomaly for September 2021-February 2022 by 0.25° longitude bands. Box 1 outlines Spring (September—
November), 100°W-160°W. Box 2 outlines 22—-24 December, 60°W-20°E. The change in NSIDC sea ice concentration relative to the previous day (shaded
background) for (b) the Weddell Sea on the 21 December 2021 and (c and d) the Ross Sea on the 14 November and 21 November respectively. Day-mean mean sea
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and 10 m wind vectors. MSLP, temperature and winds are from ERAS.

ASL was accompanied by anomalous high pressure between 180° and 90°E (Figure S4b in Supporting
Information S1). This led to strong northward transport of sea ice across the Southern Ross Sea (Figure S5 in
Supporting Information S1).

As a result of the intense southerlies, by mid-October a band of low-concentration sea ice was present anoma-
lously far north in the Ross Sea (Figure 4b). November 2021 then brought a rapid decline in the Ross Sea SIE,
with a particularly large drop occurring over 13—16 November when the ice retreated by >0.2 x 10° km? (Figure
S1b in Supporting Information S1). This was the largest November 3-day retreat in the record and occurred
during the passage of an extremely deep depression along the West Antarctic coast on 14 November (Figure 3c).
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Most of the sea ice loss on this date occurred in the northern band of low-concentration sea ice (north of 70°S),
with little indication of sea ice increases nearby on the day (Figure 3c) or on subsequent days. This ice loss was
collocated with the region of peak westerly winds (reaching 30 m s™!) to the west and north of the storm center,
suggesting sea ice divergence due to northwards Ekman transport in and around the marginal ice zone may have
had an important role (e.g., Figure 11 in Eayrs et al., 2019) as well as mechanical breakup due to ocean waves.
This ice loss event marked the switch from positive to negative SIE anomalies in the Ross Sea sector (Figure 1b).

Further south, a polynya was already present off the Ross Ice shelf in mid-November (Figure S3c in Supporting
Information S1) but its growth was accelerated by a further storm on 21 November which featured a southerly
flow positioned directly over the ice shelf edge (Figure 3d).

In December, MSLP remained anomalously low between 135°W and 180°W (Figure S4d in Supporting Infor-
mation S1), and anomalously strong southerlies persisted off the Ross Ice Shelf. Four more rapid sea ice retreat
episodes were spread through the month, with 3-day ice declines in each of about 0.1-0.2 X 10° km? (Figure
S1b in Supporting Information S1). The largest of these was associated with a deep storm on 6 December whose
trajectory and peak winds resembled a weaker version of the 14 November storm, whereas that of 9-10 December
was more reminiscent of the Ross Ice Shelf southerly flow event of 21 November (Figure 3d). By the middle of
the month, large negative SIC anomalies were present between 135°W and 180°W south of 70°S, indicating the
polynya was anomalously extensive (Figure S3d in Supporting Information S1).

The passage of the storms in November and December led to favorable conditions for upwelling of sub-surface
warm high-salinity water to the mixed layer (Figures S6a—S6c in Supporting Information S1). In parallel, there
were anomalous gains of heat of up to ~100 Wm~ at the ocean surface that contributed to the observed temper-
ature anomaly of up to ~0.8°C. This was as large as any mixed layer temperature anomaly at this location in the
ORASS reanalysis data set, and matched only by the temperature anomaly observed in 2017 (Figures S6a and
S6b in Supporting Information S1).

The lowest annual minimum SIE in the Ross Sea occurred on 18 February 2017 when the ice covered
0.06 x 10° km?. The trajectory of sea ice loss was rather different from that of 2021/22 (Figure S1b in Supporting
Information S1). In 2017 a more rapid decrease in SIE occurred in the second half of January, and by the start of
February the differences in SIC between 2017 and 2022 were confined to a small area near the coast just west of
180°. Here the sea ice decreased more until the minimum in 2017 than in 2022, indicating that melt in the few
weeks and days ahead of the annual minimum, as well as conditions late in the previous year, can be critical in
dictating whether a record low SIE occurs.

4.3. The Weddell Sea

During December 2021 there was anomalously low MSLP over the continent and high MSLP anomalies to the
north (Figure S4d in Supporting Information S1), and the mean monthly zonal wind speed north of the Weddell
Sea (55°-65°S, 60°-20°W) was 8.1 ms~!, the largest December mean on record. The deep ASL also resulted in
a slightly more northwesterly flow into the Weddell Sea, which brought warm airmasses into the region, with
the ECMWF operational analyses having temperatures above 0°C as far south as 72°S. These conditions led to
negative SIC anomalies along the northern ice edge of the sea ice from the Antarctic Peninsula to the Greenwich
Meridian (Figure 4d) as there was anomalously large sea ice advection toward the east (Figure 1b). The negative
SIC anomalies along the northern limit of the sea ice were present from September to February, with positive
anomalies off the Ronne Ice Shelf and Coates Land as a result of enhanced north to northwesterly flow for much
of the melt season. A positive MSLP anomaly in the central Weddell Sea in January with greater flow from the
north to the east of the Antarctic Peninsula also contributed to the extensive ice off the Ronne Ice Shelf by the
day of ice minimum.

The anomalously strong westerly winds helped to maintain the coastal polynya along the eastern side of the
Antarctic Peninsula, which grew steadily from mid-November (Figure 4). An enhanced westerly flow across the
peninsula also leads to warming of the air by the foehn effect as it passes over this 2 km high orographic barrier.
The warm air arriving over the northwest Weddell Sea would also lead to melting of the sea ice as well as main-
taining the polynya.
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As in the Ross Sea, the Weddell Sea experienced a number of rapid decreases in SIE over several days (Figure
Slc in Supporting Information S1). The most significant of these occurred over 22-24 December, when the sea
ice retreated by ~0.4 X 10® km? (the meridional wind anomaly is indicated in box 2 on Figure 3a). This was
associated with a deep storm that moved into the central Weddell Sea (Figure 3b), advecting warm air down the
coast of Coates Land. The strong MSLP gradient to the northeast of the low centre also led to export of sea ice
toward the east and out of the sector.

5. Summary and Discussion

The total Antarctic SIE reached a record low level in 2022 because of the presence of negative sea ice anoma-
lies in all sectors of the continent, but particularly in the Ross Sea. In October/November 2021, the ASL had a
record low depth, which led to southerly winds of record strength off the continent. The role of the ASL in this
season's sea ice evolution was consistent with previous work, which showed that a deeper ASL leads to greater
ice transport away from the Ross Ice Shelf and coastal areas to the east, and the generation of new, thin ice over
the southern Ross Sea (Comiso et al., 2011). In late 2021 the strong offshore flow resulted in an anomalously
northern sea ice edge which was then rapidly eroded by the passage of a series of intense polar cyclones, and also
favored the establishment of a large coastal polynya by early December, which was associated with an unusually
high-salinity (dense) water mass and upper ocean warming of up to ~0.8°C. Open water then allowed the absorp-
tion of solar radiation at the time of its maximum intensity in December, which aided the further loss of sea ice
through the ice-albedo feedback.

A further factor that led to the record SIE in February was the positive phase of the SAM in the previous spring.
As noted earlier, a positive SAM combined with La Nifia conditions favors a deep ASL. Yet such conditions have
occurred before without Antarctic sea ice reaching such a low level. Examination of the SAM index and Nifio
3.4 temperature anomaly in spring (Figure S7 in Supporting Information S1) shows that low February SIE in the
Ross Sea has occurred in some years without positive SAM/La Nifia conditions the previous spring. This suggests
the configuration of regional circulation anomalies, including the impacts of individual storms in late spring and
early summer are also important in establishing negative sea ice anomalies in the Ross Sea. Once established,
these negative SIC anomalies can then expand rapidly throughout the summer when solar radiation is at a maxi-
mum ahead of the SIE in the following February.

The positive SAM in spring 2021 also contributed to the record strength of the westerly winds north of the
Weddell Sea that aided the export of sea ice to the east and the formation of a polynya east of the Antarctic Penin-
sula. Although the SIE in the Weddell Sea was only the 12th lowest in the record, it was the simultaneous low
SIEs in both the Ross and Weddell sectors that was important in establishing the record low SIE for the whole
Southern Ocean.

Sea ice reconstructions, based on principal component regression of Southern Hemisphere midlatitude tempera-
ture and pressure observations, suggest that the 2022 minimum was one of the lowest of the past 100 years (Fogt
et al., 2022). This is supported by sea ice reconstructions from ice cores (Thomas et al., 2019), and data assim-
ilation approaches (Fogt et al., 2022). Most reconstructions suggest that total Antarctic SIE has been declining
during the 20th century (Fogt et al., 2022), and it is only after the 1980s that a positive trend is observed. On a
regional scale, SIE in the Bellingshausen Sea (Abram et al., 2010) and Indian Ocean (Curran et al., 2003) has
been steadily declining during the 20th century. While in the Ross Sea, significant sea-ice expansion has occurred
since the ~1940s (Dalaiden et al., 2021), with SIE during the late 20th century higher than at any time during the
past ~300 years (Thomas & Abram, 2016). Thus, SIE as low as the 2022 anomaly may have occurred in the Ross
Sea sector during the early 20th century. However, unlike the 2022 event, this would have been accompanied by
comparably higher SIE in the Bellingshausen and Weddell Seas (Dalaiden et al., 2021; Fogt et al., 2022; Thomas
et al., 2019). The abrupt shift to negative anomalies in all sectors appears unusual in the context of the past few
centuries (Thomas et al., 2019; Yang et al., 2021), but could arguably be seen as a return to the negative SIE
conditions apparent during the early 20th century.

Because of the large and unexpected variability in the Antarctic SIE since the record started in 1978 it is impos-
sible at this time to say whether the decrease in SIE that has been seen over the last several years will continue.
Further, the lack of accurate sea ice volume estimates means we cannot say whether there has been an overall
thinning of sea ice over this period, which would be an early indicator of longer-term loss. Climate models predict
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that there will be a decrease in SIE over the coming decades, but these models failed to anticipate the increase
in SIE that took place up to 2016. However, further investigation of the changes that have taken place since the
late 1970s through observational studies and model experiments will hopefully shed light on the mechanisms
responsible for past changes and help improve our ability to predict future conditions.
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The ERAS hourly fields are available from the Copernicus Climate Data Store, https://doi.org/10.24381/cds.
bd0915¢6. Ice drift motion data are available from the Eumetsat Ocean and Sea Ice Satellite Applications Facility
(https://osi-saf.eumetsat.int/products/osi-405-c). Sea ice extent and area data are available from the U.S. National
Snow and Ice Data Center via https://nsidc.org/arcticseaicenews/sea-ice-tools/. Specific files used include S_
Sea_Ice_Index_Regional_Daily_Data_G02135_v3.0 and S_Sea_Ice_Index_Regional_Monthly_Data_G02135_
v3.0 for the regional daily and monthly data respectively. The Antarctic-wide monthly and annual data was
obtained from Sea_Ice_Index_Monthly_Data_by_Year_G02135_v3.0.
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