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Abstract The calving of Antarctic ice shelves remains unpredictable to date due to a lack of understanding
of the role of the different climatic components in such events. In this study, the role of atmospheric forcing in
the calving of the Brunt Ice Shelf (BIS) in February 2021 is investigated using a combination of observational
and reanalysis data. The occurrence of a series of extreme cyclones around the time of the calving induced an
oceanward sea-surface slope of >0.08° leading to the calving along a pre-existing rift. The severe storms were
sustained by the development of a pressure dipole on both sides of the BIS associated with a La Nifia event and
the positive phase of the Southern Annular Mode. Poleward advection of warm and moist low-latitude air over
the BIS area just before the calving was also observed in association with atmospheric rivers accompanying the
cyclones. Immediately after the calving, strong offshore winds continued and promoted the drift of the

iceberg A-74 in the Weddell Sea at a speed up to 700 m day~". This study highlights the contribution of local
atmospheric conditions to ice-shelf dynamics. The link to the larger scale circulation patterns indicates that both
need to be accounted for in the projections of Antarctic ice shelf evolution.

Plain Language Summary A calving event is the process by which a large block of ice gets
separated from an ice shelf or glacier and forms an iceberg. Large calving events from marine-terminating ice
shelves around Antarctica remain to date highly unpredictable. This process is typically associated with the
glaciological cycle of the ice shelves as well as ocean dynamics. However, atmospheric forcing in triggering
such events has been largely overlooked. This is investigated for the calving of iceberg A-74 from the Brunt
Ice Shelf (BIS) in February 2021. We found that strong near-surface winds associated with intense cyclones
promoted the event via an increased sea-surface slope toward the open ocean, which amplified the stress on the
pre-existing rift and led to the calving. After the calving, the iceberg drifted westwards in the Weddell Sea at a
speed of 700 m day~! aided by strong offshore winds. The extreme weather conditions leading to the calving
were associated with an alternation of a series of high (blockings) and low (troughs) pressure systems around
the BIS region.

1. Introduction

Ice shelves and floating ice tongues around Antarctica extend cover an area larger than 1.561 million km?, corre-
sponding to 11% of Antarctica's total area (Rignot et al., 2013). Over the last decades, ice shelves have been
retreating significantly or collapsed altogether, with a reduction in the ice-shelf area of >28,000 km? around
the Antarctic Peninsula alone (Cook & Vaughan, 2010). The Antarctic Ice Sheet as a whole has experienced a
10-fold increase in ice loss from the 1990s to the late 2000s, with values jumping from 25 to 300 km? year~!
(Paolo et al., 2015). The land ice loss has important implications for sea-level rise both globally and regionally
(e.g., Wadhams & Munk, 2004). In fact, ice shelves around Antarctica act as a buffer for the land ice behind,
shielding it from ocean swells that may promote ice ablation. When ice shelves weaken or collapse, locally ice
loss accelerates, enabling sea-level rise (Massom et al., 2018). Recent climate studies have noted the increased
vulnerability of the Antarctic ice shelves (Gilbert & Kittel, 2021; Stammerjohn et al., 2021), where basal melt by
an increasingly warmer ocean can promote ice loss from ice shelves (Gwyther et al., 2020; Rignot et al., 2013).

Ice shelf calving occurs when a fracture in the ice shelf extends over its full thickness, allowing for a chunk of
ice to detach and float away (e.g., Alley et al., 2008; Benn et al., 2007). Over the last couple of decades, several
Antarctic ice shelves have experienced major calving events. Examples include the Amery Ice Shelf in 2019
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(Francis et al., 2021), the Larsen C Ice Shelf in 2017 (Hogg & Gudmudsson, 2017), the demise of the Pine Island
Glacier (Lhermitte et al., 2020), and the Brunt Ice Shelf (BIS) in February 2021 (Larter, 2022). Most of the
studies on ice shelf calving focus on ocean dynamics, targeting aspects such as the role of ocean swells (Massom
et al., 2018), the warming and expansion of the Circumpolar Deep Water (Cook et al., 2016; Larter, 2022),
the hydrofracturing mechanism and its role in the destabilization of ice shelves (Rott et al., 1996; Scambos
et al., 2000, 2003, 2009), and the penetration of Antarctic Surface Water into shelf cavities (Stewart et al., 2019).
On top of the ocean and the glaciological factors which precondition ice shelves for calving over long periods of
time, the atmospheric forcing may also play a role during the calving events. For instance, atmospheric forcing
can trigger ice shelf calving events (e.g., Francis et al., 2021) and can be reinforced by large-scale circulation
anomalies such as the zonal wavenumber 3 pattern which regularly occurs in the Southern Hemisphere midlat-
itudes (Francis et al., 2019, 2020). Francis et al. (2021) reports on the crucial role that atmospheric conditions
played in the September 2019 calving of the Amery Ice Shelf. A blocking pattern led to stationary cyclones at
the front of the Amery Ice Shelf. This resulted in strong and persistent winds which promoted the ice calving by
creating a steep sea-surface slope toward the ocean.

In late February 2021, the iceberg A-74, with a surface area of roughly 1,270 km?, calved from the north side of
the BIS (Figures 1a and 1b), and during March 2021 gradually drifted into the open ocean (Figures 1c and 1d). No
sea-ice was present during this period as the event took place in the austral summer season. Although most of the
ice loss at the BIS over the last decade has been attributed to the inflow of warm ocean water (Larter, 2022) and
to a glaciological cyclic processes (De Rydt et al., 2019), the atmospheric forcing may have played a role in trig-
gering the February 2021 calving event. Therefore, the goal of this paper is to investigate the role of atmospheric
conditions together with the state of the ocean and ice in the A-74 calving event in February 2021. This paper
is structured as follows. In Section 2, the data sets used in this study are described. In Section 3, the large-scale
atmospheric environment is examined, whereas the atmospheric conditions around the BIS region are analyzed.
In Section 4, the ocean and ice conditions before and after the calving are described. The main findings of this
study are discussed in Section 5.

2. Data and Methods

In this section, the data sets considered and the methodology followed are summarized.

2.1. Satellite Observations

Two satellite-derived products are employed in this study. Visible images collected by the Moderate Resolution
Imaging Spectroradiometer (MODIS; Xiong & Barnes, 2006) instrument on board the National Aeronautic and
Space Administration's Terra and Aqua satellites are used to inspect the evolution of the BIS and the calving of
the iceberg A-74. The displacement of the iceberg is assessed through the analysis of the panchromatic band 8 of
the Landsat satellite, which is sensitive to wavelengths in the range 0.50-0.68 pm and provides images at a spatial
resolution of 15 m (Fahnestock et al., 2016). The change detection technique considered is based on an unsuper-
vised classification with two classes (Tian et al., 2020), water and ice, applied to Landsat 8 images between 15
October 2020 and 17 March 2021.

2.2. Ground-Based Observations

In situ measurements, collected at the Halley Research Station (Halley VI a) located at 75.5681°S and 25.5083°W
on the BIS during February 2021, are used to analyze the local atmospheric conditions and assess their potential
role on the calving. Fields measured on an hourly basis include the 2-m temperature and relative humidity, and the
10-m horizontal wind direction and speed. Single-frequency Global Positioning System (GPS) data are recorded
on the ice shelf prior to the calving and on the iceberg following the calving. Data are recorded at hourly intervals,
allowing the timing of the calving to be determined at high precision.

2.3. Reanalysis Data

The main reanalysis data set used in this study is ERA-5 (Hersbach et al., 2020). It is the most recent reanalysis
developed by the European Centre for Medium-Range Weather Forecasts, and is available on a 0.25° x 0.25°
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Figure 1. MODIS visible satellite images on (a) 12 February, (b) 27 February, (c) 14 March, and (d) 22 March 2021 over
the Brunt Ice Shelf (BIS) in the Weddell Sea sector of Antarctica. The iceberg A-74 calved in late February and drifted away
from the BIS in March 2021. Image credits: NASA Worldview.

(~27 km) grid and on an hourly basis. ERA-5 has been found to be one of the best performing reanalyzes in
the Southern Hemisphere around Antarctica (e.g., Dong et al., 2020). For the spatial maps, daily mean data,
computed from 3-hourly files, are used for both surface and pressure-level fields. The anomalies are calculated
relative to all February months in the 1979-2020 climatological period (the standard deviation is extracted in the
same way). For the histograms, 3-hourly wind speed values within +15 Julian days of the calving date and for the
period 1979-2020 (climatology) at a given grid-point in the domain 24°-28°W and 74.8°-75.8°S are considered.
Besides standard fields, and in order to better understand the large-scale circulation around the time of the calv-
ing, the wave activity (W) vectors from Takaya and Nakamura (2001), which are shown to be parallel to the group
velocity of Rossby waves in the plane wave limit, are plotted.

The ocean slopes are computed from the Hybrid Coordinate Ocean Model (HYCOM; Cummings & Smed-
stad, 2013) reanalysis data set, which provides several ocean-related fields on a roughly 0.08° (~9 km) grid
between 80.48°S and 80.48°N and on a 3-hourly basis. The slopes are derived from the HYCOM sea-surface
elevation by computing the local gradient using the 4-connected neighbors of each pixel. Based on these per pixel
slopes, time series of region-wide mean slope values are derived by computing the average slope per time step
for a ~10-km wide area surrounding the BIS (indicated by a red polygon in Figure 8c). Additionally, a map of
maximum slope anomaly values corresponding to the calving event is calculated as the maximum ocean slope
anomaly (°) for the period 15-28 February 2021 relative to April 2020 to March 2021.

3. The Large-Scale Atmospheric Environment

Figure 2 summarizes the large-scale circulation in the Southern Hemisphere in February 2021. The monthly
mean sea-level pressure anomalies (Figure 2a) show a region of low pressure centered over the Bellinghausen/
Amundsen Sea, where the pressure is lower than the 1979-2020 climatological mean by more than 1 standard
deviation. This feature is a response to the La Nifia that was present at the time (Yu et al., 2022). La Niiia is the
cold phase of the El Nino Southern Oscillation (ENSO; Rasmusson & Carpenter, 1982), which is a pattern of
variability of the climate system with periods of 3—7 years with decadal variations. La Nifia is characterized by
colder than average sea-surface temperatures (SSTs) in the central and eastern equatorial Pacific, with typical
amplitudes of 1-4°C. A La Nifia started to develop in the austral spring of 2020, and persisted throughout the
2020/2021 austral summer season (Yu et al., 2022). As noted by Yuan (2004) and Simpkins et al. (2012), an
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anomalous low pressure generally develops over the Bellinghausen/Amundsen Sea during La Nifia events in
response to a wave train from lower latitudes which is triggered by changes in tropical SSTs and hence convec-
tion. The associated circulation favors warm and moist air advection from lower latitudes (and consequently
reduced sea-ice concentration) in the Bellinghausen/Weddell Seas, and the opposite in the Ross/Amundsen Seas.
The contrasting circulation between the Bellinghausen/Weddell Seas and the Ross/Amundsen Seas has been
coined as the Antarctic Dipole (Yuan & Martinson, 2001). The ridge over and to the southeast of New Zealand,
as well as the low pressure over the tropical Pacific, are also part of the atmospheric response to the La Nifia
(Kumar et al., 2010). A recent study by Goyal et al. (2021) further suggests that the zonal wavenumber three
pattern, seen in Figure 2a, has a tropical origin and can impact the ice conditions around Antarctica (Maclennan
& Lenaerts, 2021). Besides the La Niiia, Figure 2a shows a poleward shift in the midlatitude storm track, as noted
by the high pressure in the midlatitude and low pressure around Antarctica. This configuration corresponds to the
positive phase of the Southern Annular Mode (SAM; Marshall, 2003), a mode of variability related to the strength
and latitudinal position of the midlatitude westerly winds in the Southern Hemisphere. In fact, the SAM index for
February 2021 was 2.19, which is more than 1 standard deviation above the 1979-2020 mean (0.04 + 1.97). A
combination of La Nifia and a positive SAM has also been found to have promoted the September 1974 and 2017
polynya events in the Weddell Sea (Francis et al., 2020). It is important to note that this combination of ENSO and
SAM phases is expected as La Nifia events typically co-occur with positive SAM events (Fogt & Marshall, 2020).

A few days prior to the A-74 calving event (20-26 February 2021, Figure 2b), the La Nifia signal noted above
dominates the circulation (cf. Figure 2a), as evidenced by the anomalous low pressure over the Bellinghausen/
Amundsen Seas, although there are some differences to the monthly mean anomaly (in particular in the South
Atlantic sector): The low to the north of the BIS extends to 35°S just south of Uruguay, whereas in the monthly
mean plot (Figure 2a) there is a ridge over the northern part of this region. The circulation associated with the
sea-level pressure pattern (Figure 2b) draws in the moist and warm air from lower latitudes toward Antarc-
tica, promoting intense cyclones and associated dynamical forcing (wind stress and turbulence) at the mouth of
Antarctic ice shelves (Francis et al., 2020). This can be clearly seen in Figure 2d, which shows the meridional
heat flux for the same period (negative values indicate southward/poleward transport of heat), with the anomalies
being negative around the target region at 1 standard deviation below the mean.

It is interesting to note that the pressure anomalies in the South Atlantic in Figure 2b resemble those discussed in
Rodrigues et al. (2015) in response to a central Pacific La Nifia event, where the colder than average SST anoma-
lies are restricted to the central equatorial Pacific (Ashok & Yamagata, 2009). The authors found that the tropical
Pacific to South Atlantic teleconnection via a wave train that extends across South America is absent in ENSO
events, which is the case for the 2020/2021 La Niiia (Yu et al., 2022).

Figure 3 shows the outgoing longwave radiation (OLR; a proxy for convection in the tropics), the 200 hPa stream
function anomalies and the 200 hPa W vectors (Takaya & Nakamura, 2001) averaged over 19-22 and 23-26
February. The tropical-extratropical interaction is more pronounced in the Northern Hemisphere due to the strong
and equatorward-displaced subtropical jet (Sardeshmukh & Hoskins, 1988). However, in the Southern Hemi-
sphere its impact can also be clearly seen, in particular over the central and eastern Pacific, where cross-hem-
ispheric wave activity is present in line with theoretical arguments (Li et al., 2015). During the period 19-26
February, zonal wave propagation via troughs and ridges within the strong zonal wavenumber 3 pattern, domi-
nates over poleward propagation of waves from the tropics. It is interesting to note that the zonal wavenumber
3 pattern and the high-amplitude storm track may have caused the convective burst to the northeast of New
Zealand (180°-150°W, 5°-30°S), given by the negative OLR anomalies in Figures 3a and 3¢ which are indica-
tion of colder cloud tops and hence deep convection. During this period, there was a cyclone to the north of New
Zealand (Figures 3b and 3d) which likely pushed a cold front into the tropics and triggered a band of convection,
in a region where extratropical wave activity is known to modulate tropical convection (Matthews, 2012). It does
appear that the convection in this region and the cyclone over the Weddell Sea occur from the same large-scale
zonal wavenumber 3 (Figure 3d) and positive SAM pattern which were both favored by the ongoing La Nifia. In
the next section, the impact of local weather conditions just prior and during the time of calving are discussed.

Figure 2. (a) Sea-level pressure (shading; hPa) and 10-m horizontal wind (vectors; m s~!) anomalies, with respect to the daily 1979-2020 climatology, averaged over
01-28 February 2021. The stipple denoted regions for which the sea-level pressure anomalies are more than 1 standard deviation away from the mean. (b) is as (a) but
with the fields averaged over 20-26 February. (c) 500 hPa geopotential height (shading; m) and 200 hPa horizontal wind (vectors; m s~!) anomalies and (d) meridional
heat flux (10' W m~'; positive values indicate a flux from south to north) anomalies averaged over 2026 February 2021. The cross in all panels indicates the
approximate location of the Brunt Ice Shelf (BIS), while the Weddell, Ross, Amundsen, and Bellinghausen Seas are labeled in panel (a).
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Figure 3. (a) Outgoing longwave radiation (shading; W m~2) and 200 hPa W vectors (arrows; m? s~2) averaged over 19-22 February 2021. (b) is as (a) but with the
shading giving the 200 hPa stream function anomalies (106 m? s~') with respect to the 1979-2020 ERA-5 climatology. (c) and (d) are as (a) and (b) but with the fields
averaged over 23-26 February 2021. The cross in all panels indicates the approximate location of the Brunt Ice Shelf (BIS).

4. Atmospheric Extremes at the BIS

The meteorological conditions around the BIS 1 week prior to the calving of the A-74 iceberg (i.e., on 20 Febru-
ary 2021) were characterized by a strong low-pressure system, stationed just to the northwest of the BIS paired
with an intense atmospheric river (AR; an elongated band of clouds and high water-vapor content) to the north-
east of the cyclone center (Figure 4a). Heavy snowfall fell over the BIS on 20-23 February with total hourly
accumulation snowfall at 12 UTC of each day exceeding 0.5 mm water equivalent (mm we, Figure 5). As the 2-m
temperature was around —5°C, the snowfall over BIS was most probably warm which could have destabilized the
ice shelf further. However, an analysis of the mechanical influence of the snow accumulation on the ice shelf is
beyond the scope of this study and worth to be investigated in future work.

Strong easterly winds (in excess of 20 m s~!) over the BIS front resulting from the cyclone were fueled by the
warm air brought by the AR. These surface winds were up to 3 standard deviations above the climatological mean
and in the top 10% of the climatological range (Figure 4b). These extreme wind conditions may have led to high
waves into the BIS front. When averaged over the BIS and the region around it, the wind speed on 20 February
was in the top 1% of the range of values in the austral summer seasons of 1979-2020, with the speeds in excess
of 20 m s~! from 20 to 22 February being in top 5%, highlighting the extreme nature of the cyclone (Figure 6).

On 23 February, the deep cyclone moved eastwards and intensified, passing just to the north of the BIS (Figure 4c)
with a minimum sea-level pressure of about 952 hPa. The meridional component of the wind around the ice shelf
was offshore, and in particular on 24 February, had a magnitude that was in the top 5% of the climatological
summertime values (Figure 6). These persistent strong southeasterly winds can create oceanward sea-surface
slopes which were found to trigger calving events at other Antarctic ice shelves (i.e., the calving of the Amery
Ice Shelf in 2019, Francis et al., 2021). The intense cyclone seen on 20 February (Figure 4b) persisted in the BIS
region for 4 days. It started to weaken on 25 February as it propagated eastwards and gradually weakened and
dissipated on 26 February (Figure 4d).
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Figure 4. (a) Integrated Vapor Transport (IVT; arrows; kg m~! s~1), with the shading giving the magnitude, and 500 hPa geopotential height contours (solid lines,
labeled every 60 m). The thick blue line identifies the atmospheric rivers (ARs) following Francis et al. (2020). (b—d) 10-m horizontal wind vectors (arrows; m s~!),
standardized wind speed anomalies (shading), and sea-level pressure (solid lines, labeled every 4 hPa). The dashed and solid red lines give the 90% and 99% percentile
of the wind speed distribution, respectively. The solid blue line denotes the outlines of ice shelves, including the Brunt Ice Shelf (BIS). The fields are shown on (a) and
(b) 20 February 2021 at 12 UTC, (c) 23 February 2021 at 00 UTC, and (d) 26 February 2021 at 18 UTC.

In situ observations at the Halley station located just to the southwest of the calving region provided insight on
the local atmospheric conditions during the month of February 2021 (Figures 7a and 7b). The AR was associated
with poleward advection of warm maritime air masses, consistent with the integrated water vapor IWV) values
of 6-7 kg m~2 (Figure 7c) and the air temperatures of —5°C around the calving location (Figure 7a). As seen in
the time series plot (Figure 7b), the wind speed reached 15 m s~! close to the calving region, with the easterly
flow bringing in warmer and more moist lower-latitude air to the ice shelf: e.g., from 20 to 21 February, the
air temperature increased by roughly 10°C and the IWV by 3 kg m~2. Even more extreme weather conditions
were observed from 12 to 16 February, in association with another deep cyclone that passed north of the BIS
(Figure 7a). The warmer, moister, and cloudier environment led to an increase in the surface net radiation flux
(R,.) to >+150 W m~2, with the surface total energy flux (F,.) being positive during daytime and peaking at
roughly +100 W m~2 on 21 February. While temperatures and moisture recorded at Halley station and over the
BIS were relatively high, surface air temperatures did not exceed the surface melt threshold of —2°C (Nicholas
et al., 2017) and therefore surface melt likely did not play a dominant role. However, surface melt may have
occurred in some areas of the ice shelf given the favorable atmospheric conditions. In such case, rapid refreeze
of any surface melt would have been possible and could have promoted hydrofracturing prior to the calving (e.g.,
Scambos et al., 2009). The peak values of R__ and F

¢ are similar to those reported by Francis et al. (2020) for
the intense ARs that led to the melting of sea-ice and the opening of polynyas in the Weddell Sea in November

net

1973 and September 2017. As noted by Francis et al. (2021), extreme atmospheric conditions in polar regions can
weaken an ice shelf due to the widening of existing fractures through wind-induced waves and swells.
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Figure 5. Hourly accumulated rainfall and snowfall from ERAS at 12:00 UTC of each day from 20 February 2021 to 23 February 2021. Values are the total
accumulated amount for the hour ending at 12:00 UTC, with accumulated snowfall in mm of water equivalent (mm we) for direct comparison with accumulated rainfall
in mm. Also plotted are the —2, —5, and —10°C 2-m isotherms. The solid blue line highlights the outlines of ice shelves, including the Brunt Ice Shelf (BIS).

After the cyclone had moved to the east of the BIS, the clockwise circulation around its center generated extreme
east-southeasterly (offshore) winds over the BIS front (Figure 6) which advected colder and drier air to the site:
the air temperature and the IWV decreased to about —20°C and 3.5 kg m~2 on 26 February (Figures 7a and 7b),
respectively. The sky was clearer as evidenced by the decrease in the surface downward longwave radiation flux
by about 100 W m~2 with respect to 21-24 February (Figure 7c). These offshore winds, with speeds of around
14 m s~! (Figure 7a), likely amplified existing fractures in the ice shelf via the increase in oceanward sea-surface
slope (e.g., Francis et al., 2021), which contributed to the calving and then promoted the drift of the iceberg away
from the ice shelf in early March 2021 (Figures 1c and 1d). This will be demonstrated in the next section, where
the effects of the atmospheric conditions on the ocean slope and ice conditions will be investigated.

5. Effect of Atmospheric Forcing on Ocean Slope and Ice Conditions

The extreme atmospheric conditions discussed earlier resulted in high ocean slopes as shown in the time series
of the maximum ocean slope around the BIS in the buildup to the calving event (Figure 8a). The ocean slope
here refers to the horizontal gradient of the height of the water column, with larger values indicating higher water
levels away from the ice shelf. The ocean slope is an important factor regulating the stability of the fronts of ice
shelves as it modulates the stress endured by the front across the ocean-ice shelf boundary (Heywood et al., 2014).

While the slope was not particularly high on the day of the calving (0.03° on 26 February), the month of February
2021 was characterized by exceptionally high slopes, peaking at 0.068° on 24 February, the second consecutive
day of strong southeasterly winds at the site (Figures 4 and 6). The map of maximum ocean slope anomaly in the
second half of February 2021 with respect to the period April 2020 to March 2021 is shown in Figure 8a bottom
panel. The values around the BIS just before and around the calving day were highly anomalous. The slopes
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Figure 6. Histogram showing the distribution of hourly 10-m zonal, meridional and full horizontal wind speed (m s™") for the austral summer season (December to
February, DJF) during 1979-2019, spatially averaged over the domain 24°-28°W and 74.8°~75.8°S. The colored vertical lines correspond to hourly values for selected
days in the period 12-27 February 2021, labeled following the format yyyy-mm-dd where yyyy is the year, mm is the month, and dd is the day. The markers of same
color on the x-axis show the hourly values on each day (24 markers per day). The dashed gray lines give the Sth and 95th percentiles, the solid gray lines give the 1st
and 99th percentiles, while the solid black lines give the minimum and the maximum of the wind speed distribution.

calculated during the calving of the BIS in February 2021 are up to a factor of 2 higher than those estimated
during the September 2019 break-up of iceberg D28 from the Amery Ice Shelf (Francis et al., 2021). These steep
slopes added extra stress to the pre-existing rift in the ice shelf (Figures 1a and 1b) resulting in rift growth and
leading to the calving.

The steep slopes not only promoted the calving, but also aided in the drifting of the iceberg A-74. The movement of
ice can be visualized in Figure 8b, where the arrows give the direction of the displacement of the ice on 17 March
2021 with respect to that on 15 October 2020 as estimated from Landsat 8 satellite data (Fahnestock et al., 2016).
The seaward displacement of the iceberg is clearly evident. Similarly, the behavior of the ice during the calving
event can be seen in Figure 8c based on GPS measurements, labeled as HHOO in the map. The ice was moving at
arate of about 6 m day ! before the calving, and immediately accelerated after the event. As a consequence of this
acceleration its velocity was 2 orders of magnitude larger than before the calving; up to 700 m day~'. The calving
took place at 8 a.m. local time on 26 February 2021 and immediately afterward there was rotation in a clockwise
direction. The final break happened at the eastern end of the rift (e.g., Libert et al., 2021). The clockwise rotation
of the ice throughout the event is clearly seen in the MODIS images (Figure 1) and is consistent with a clockwise
shift in the wind direction at Halley station (Figure 7b). While the winds at Halley were not particularly strong on
25-26 February not exceeding 5 m s~! (Figure 7b), they were in the previous days with speeds of up to 15 m s~!
which indicates a latency of a few days between the strong winds and the ocean/ice response.
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Figure 7. (a) Hourly 2-m temperature (°C) and relative humidity (%) and (b) 10-m wind speed (m s™"), direction (°) and wind rose for February 2021 at the Halley
Research Station (75.5681°S; 25.5083°W, Halley VIa in Figure 8c) on the Brunt Ice Shelf. (c) Integrated water vapor (kg m~2) and surface downward longwave

radiation flux (W m~2), surface net radiation flux (R
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domain which comprises the location of the iceberg A-74 postcalving (75.217°S; 25.683°W) and the Halley station, for February 2021.

; W m~2) and total energy flux (F_; W m~2) from ERA-5 averaged over 74.7°-75.7°S and 26.2°-25.2°W, a
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In summary, the deep and persistent cyclone observed prior to the calving at the front of the BIS and which was
associated with a strong ZW3 and positive SAM pattern, has provided the ideal conditions for the calving event
through a two-phase process. During the first phase, the ice shelf was influenced by warm and moist air combined
with high ocean waves and swells into the ice shelf which may have helped to fragilize the ice structure. During
the second phase, strong offshore winds create high sea-surface slope toward the ocean forcing dynamically the
ice shelf front to calve along the pre-existing rift after being weakened during the first phase. The switching from
phase one (northeasterlies) to phase two (southeasterlies) occurs in a relatively short-time period (3 days), follow-
ing the cyclone's position and trajectory.

6. Conclusions

In this study, the role of atmospheric forcing that triggered the calving of A-74 from the BIS in February 2021,
and the subsequent drift of the 1,270 km? iceberg into the Southern Ocean, is investigated using a combination
of observational and reanalysis products.

In the days preceding the calving, the region around the BIS experienced a pronounced advection of warmer
and more moist lower-latitude air, with the meridional heat flux being more than 1 standard deviation above the
mean. This poleward flux of heat was associated with a steep pressure gradient between a deep low located to the
north and west of the ice shelf and a ridge to its east. This pressure dipole was likely a result of the atmospheric
responses to the ongoing La Nifia and positive SAM phase, which resulted in a strong zonal wavenumber 3 in the
Southern Hemisphere midlatitudes.

At aregional scale, two periods of interest were identified: (a) 20-21 February, characterized by a strong easterly
wind and (b) 23-24 February, when a deep low was situated to the northwest of the ice shelf generating strong
offshore winds and leading to the calving. During the 20-21 February, as the low pressure sat to the northwest
of the area, the associated easterly winds, up to 3 standard deviations above the mean, brought warmer (the air
temperature increased by ~10°C) and more moist (the IWV rose by ~3 kg m~2) air into the region through an
AR. Wet snow also fell around the BIS, which may have further weakened the ice shelf. The poleward advection
of low-latitude air continued and resulted in an increase in the surface total energy flux peaking at +100 W m~2.
As the cyclone shifted eastwards and sat to the north of the BIS front during 23-24 February, the wind turned
southeasterly. This caused high sea-surface slope toward the open ocean which promoted the calving event, and
the drift of the newly formed iceberg northwards.

In fact, as a result of the strong winds in the days prior to the calving, oceanward sea-surface slopes as high as
0.08° were seen in reanalysis data. Such values indicate a steep horizontal gradient in the height of the water
column away from the shelf which dragged the ice shelf front away from the parent ice shelf along a pre-existing
rift, stretching existing fractures and ultimately promoting its calving. Data from a GPS station located on the ice
shelf revealed a 2 orders of magnitude increase in its velocity after the calving, with the iceberg moving away
from the ice shelf at a speed of around 700 m day~'. The clockwise rotation of the iceberg during the event is
consistent with that of the wind direction at the Halley station located on the ice shelf.

In summary, the persistently strong cyclone observed prior to the calving event has provided the ideal conditions
to trigger the calving event through a two-phase process. During the first phase, the ice shelf was influenced by
warm and moist air and wet snow which resulted in an increase in the surface total energy flux. Combined with
high ocean waves and swells, it may have helped to weaken the structure of the ice shelf front. During the second
phase, strong offshore winds created high sea-surface slope toward the ocean forcing dynamically the ice shelf
front to calve along the pre-existing rift after being weakened during the first phase. The switch from phase one
(northeasterlies) to phase two (southeasterlies) occurs in a relatively short-time period (3 days) following the
cyclone position and trajectory.

Figure 8. (a) Upper panel: Ocean slope in degrees (°) and slope ratio (%) both derived from the HYCOM; reanalysis data set during the period April 2020 to March
2021 over the domain highlighted with a red contour in the bottom panel. The red vertical line indicates the calving day (26 February 2021). Bottom panel: The ocean
slope anomaly (°) for the period 15-28 February 2021 relative to April 2020 to March 2021. (b) Ice-displacement vectors (red arrows; only direction is given) for the
area around the Brunt Ice Shelf (BIS) on 17 March 2021 relative to 15 October 2020 from the Landsat 8 satellite. The black shading indicates water while ice is shaded
in white. (c) The movement of the ice immediately preceding and following the calving from the Global Positioning System (GPS) at site HH00. The “0” on the y axis
of the inset in panel (c) is the position of GPS HHOO station at the time of calving. The orange markers represent the position of the tip of the rift on the dates indicated.
The location of the Stancombe-Wills Ice Tongue is labeled so as to more easily identify the BIS in the satellite images.
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this paper, may occur more often in a warming world, with atmospheric forcing playing an increasingly important
role in calving events of marine-terminating ice shelves, preconditioned by long-term glaciological and oceanic
forcings. These results highlight the need for models and data sets used to assess and project Antarctic and Green-
land ice-shelf dynamics and sea-level rise to account for both local and regional atmospheric conditions in order
to better predict their evolution and dynamics.
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