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Abstract. Ice shelf instability is one of the main sources of
uncertainty in Antarctica’s contribution to future sea level
rise. Calving events play a crucial role in ice shelf weaken-
ing but remain unpredictable, and their governing processes
are still poorly understood. In this study, we analyze the un-
expected September 2019 calving event from the Amery Ice
Shelf, the largest since 1963 and which occurred almost a
decade earlier than expected, to better understand the role of
the atmosphere in calving. We find that atmospheric extremes
provided a deterministic role in this event. A series of anoma-
lously deep and stationary explosive twin polar cyclones over
the Cooperation and Davis seas generated tides and wind-
driven ocean slope, leading to fracture amplification along
the pre-existing rift and ultimately calving of the massive
iceberg. The calving was triggered by high oceanward sea
surface slopes produced by the storms. The observed record-
anomalous atmospheric conditions were promoted by block-
ing ridges and Antarctic-wide anomalous poleward transport
of heat and moisture. Blocking highs helped in (i) direct-
ing moist and warm air masses towards the ice shelf and
(i1) maintaining the observed extreme cyclones stationary at
the front of the ice shelf for several days. Accumulation of
cold air over the ice sheet, due to the blocking highs, led
to the formation of an intense cold high pressure over the

ice sheet, which helped fuel sustained anomalously deep cy-
clones via increased baroclinicity. Our results stress the im-
portance of atmospheric extremes in ice shelf dynamics via
tides and sea surface slope and its need to be accounted for
when considering Antarctic ice shelf variability and contribu-
tion to sea level, especially given that more of these extremes
are predicted under a warmer climate.

1 Introduction

The rapid collapse of several Antarctic ice shelves, observed
recently, and the near-instantaneous acceleration of land ice
discharge into the ocean that follows the collapse demon-
strate the sensitivity of the Antarctic cryosphere to recent
warming (e.g., Smith et al., 2019; Rignot et al., 2019). How-
ever, large uncertainty remains regarding the response of ice
shelves to the globally rising temperatures and to the result-
ing changes in the atmospheric circulation.

On 25 September 2019, the Amery Ice Shelf — the
third-largest ice shelf in Antarctica — calved iceberg D28
(1636 kmz, 210 m thick), which was the largest calving event
since the early 1960s (Fig. 1). The Amery Ice Shelf is
a key drainage channel in East Antarctica (Fricker et al.,
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2002), draining roughly 16 % of the East Antarctic Ice Sheet
(Galton-Fenzi et al., 2012). It is in balance with its surround-
ings (King et al., 2009; Galton-Fenzi et al., 2012; Li et al.,
2020), despite experiencing strong surface melt in summer.
However, over the past 20 years, a large system of rifts (a
precursor to calving) in the Amery Ice Shelf, known as the
Loose Tooth rift system, has been developing (Fricker et al.,
2005; Bassis et al., 2008; Darji et al., 2018). Recent studies
have shown that the propagation rate of the rifts has been de-
creasing since 2005 due to increasing thickness of melange
ice filling in the rifts and speculated that forward propagation
of the western rift might even stop (e.g., Zhao et al., 2013).
Satellite images of the Amery Ice Shelf (Fig. 1) show the
largest rift extending in the same direction of the ice flow,
widening toward the edge of the ice shelf and from this main
rift, with radial rifts extending to the west (T1) and east (T2).
Earlier studies predicted that the Amery Ice Shelf would not
experience a major calving until around 2025 or later (e.g.,
Fricker et al., 2002) and that the portion that was expected to
calve first was T2, i.e., the one to the east of the current calv-
ing. This highlights the need for an improved understanding
of the underlying processes of calving events and the role of
atmospheric forcing as a trigger for ice shelf calving.
Indeed, most of the mass loss from the Antarctic Ice Sheet
— the largest uncertainty for future sea level projections —
takes place at the fronts of ice shelves and glacier tongues,
via iceberg calving and surface and basal melt (e.g., Pritchard
et al., 2012; Shepherd et al., 2018). Compared to melting,
rifting and subsequent calving are the fastest way by which
marine-terminating glaciers lose mass to the ocean and con-
tribute therefore to sea level rise (e.g., Smith et al., 2019).
Despite being floating ice (i.e., changes in their mass due to
calving do not have a direct contribution to sea level rise),
ice shelves in general act to buttress inland ice by blocking
the flow of ice from the interior (Scambos et al., 2008). This
restrictive force decreases when ice shelves thin or calve. For
example, on the Antarctic Peninsula, such events have been
shown to increase 8-fold the rate of ice flow inland (Rignot
et al., 2004; Scambos et al., 2004, 2014). This leads to more
ice discharge into the oceans and a consequent increase in the
ice sheet contribution to global sea level rise (Hogg and Gud-
mundsson, 2017). Ocean-driven thinning was also detected
at key ice shelves of the East Antarctic Ice Sheet including
the Amery Ice Shelf (Greenbaum et al., 2015; Smith et al.,
2019), suggesting that this region is also susceptible to rapid
and large-scale ice loss (Aitken et al., 2016) and could con-
tribute to future sea level rise (DeConto et al., 2016; Rignot et
al., 2019). Therefore, there is a need to assess the sensitivity
of East Antarctic ice shelves to atmospheric forcing and to
understand the calving processes and their triggers in order
to be able to model the future evolution of ice shelves.
Beyond being part of a natural glaciological process, calv-
ing events at Antarctic ice shelves have been attracting much
attention recently (e.g., Liu et al., 2015; Benn and Astrom
2018), as they were found to trigger, in some cases, the to-
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tal disintegration of the parent ice shelf (Cook and Vaughan
2010; Liu et al., 2015; Jeong et al., 2016; Bassis and Ma,
2015; Massom et al., 2018). These events have been at-
tributed mainly to an enhanced regional warming (Vaughan
et al., 2012; Pitchard et al., 2012), which increases surface
and basal melt, as well as to ocean forcing involving intense
crevassing and rifting along multiple lines of weakness, such
as radial crevasses (Liu et al., 2015; Jeong et al., 2016; Bassis
and Ma, 2015); to earthquakes and tsunamis (Brunt et al.,
2011); and to regional loss of pack ice in the shelf-front area,
which allows storm-generated ocean swell to flex the outer
margins of the shelves and lead to their calving (Massom
et al., 2018). However, atmospheric-dynamics forcing dur-
ing calving events, particularly the wind mechanical action
on rift widening via wind-induced tides and ocean slope, re-
mains unexplored, and this is the objective of this study.

Of particular importance is the impact on Antarctic ice
shelves of the poleward shift of extratropical storm tracks
(Tamarin and Kaspi, 2017) and the observed increase in the
number and intensity of cyclones around Antarctica over the
last few decades (Rudeva et al., 2015; Wei and Qin 2016).
The poleward shift of extratropical cyclones was found in re-
analysis data of recent years (Fyfe, 2003; Son et al., 2008),
and models (e.g., Neu et al., 2013) project an estimated pole-
ward shift of cyclone genesis 1 to 2° in latitude on average
under enhanced greenhouse gas concentrations (Bengtsson et
al., 2009; Barnes and Polvani, 2013). Importantly, this pole-
ward shift was found to be particularly pronounced in the
Southern Hemisphere (Pezza et al., 2007; Chang et al., 2012),
and the mean intensity of cyclones and the number of ex-
treme cyclones are projected to increase under a warmer cli-
mate scenario (Lambert and Fyfe, 2006; Ulbrich et al., 2013;
Chang, 2017).

Changes in cyclone tracks, numbers and intensity may
have significant impacts on Antarctic sea ice and land ice
(e.g., Uotila et al., 2011). In fact, weather systems (i.e., cy-
clones and blocks) resulting from the larger-scale circulation
(e.g., Pope et al., 2017) are identified as the main driver of
the observed trends in sea ice variability (Matear et al., 2015;
Schemm, 2018; Turner et al., 2017; Eayrs et al., 2019). Fur-
thermore, cyclones and their associated atmospheric rivers
can induce sea ice melt (Francis et al., 2020) and ice shelf
surface melt (Wille et al., 2019) by virtue of their asso-
ciated anomalous moisture and heat transport to high lat-
itudes which increase the downward longwave radiation at
the ice surface (Woods and Caballero, 2016; Lee et al., 2017,
Grieger et al., 2018; Francis et al., 2020). Additionally, cy-
clones can cause significant sea ice drift (Kwok et al., 2017;
Francis et al., 2019a) due to the strong surface winds they
carry (Schemm, 2018). Severe storms can generate energetic
waves (up to 8m) in the Southern Ocean capable of pene-
trating hundreds of kilometers into the sea-ice-covered ocean
(Kohout et al., 2014; Vichi et al., 2019; Squire, 2020). Con-
comitantly, the sea ice cover acts as a buffer and attenuates
the wave energy over distance (wave amplitude is reduced
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Figure 1. MODIS satellite visible imagery of the Amery Ice Shelf and the Loose Tooth rift system (T1 and T2) at its front. Ice conditions
are shown before the calving on 17 and 23 September 2019, during the calving on 25 September 2019, and few days after the detachment of

the new iceberg, D28. Image credit: NASA Worldview.

by several orders of magnitude within 10 km of the sea ice
edge), reducing therefore the impact of storms on ice shelves
(Dolatshah et al., 2018; Massom et al., 2018).

An extreme situation in cyclogenesis is the formation of
explosive cyclones. These are developing cyclones for which
the central pressure decreases by at least 24hPa in 24h
(Sanders and Gyakum, 1980). Explosively developing cy-
clones are deeper and longer-lasting compared to ordinary
cyclones, and they are found to be more intense in the South-
ern Hemisphere than in the Northern Hemisphere (Reale et
al., 2019). In particular, explosive cyclones in the Indian
Ocean sector of the Southern Ocean (close to South Africa)
are stronger and express higher deepening rates than else-
where around Antarctica (Reale et al., 2019). This same re-
gion (between 45 and 90° E and poleward of 40°S) — en-
compassing the Amery Basin — stands out in a climatologi-
cal study (Allen et al., 2010) as one of three main regions for
explosive cyclogenesis around Antarctica, where explosive
cyclones are characterized by a 20 hPa mean pressure depth
relative to the surrounding pressure field. A climatologi-
cal study of explosive cyclones (Lim and Simmonds, 2002)
found that the number of explosive cyclones increased in
both hemispheres during 1979-1999 and that positive trends

https://doi.org/10.5194/tc-15-2147-2021

of such systems are statistically significant in the Southern
Hemisphere. On average, the study identified 26 explosive
cyclones per year in the Southern Hemisphere and found that
explosive cyclones exhibit greater mean intensity and depth
relative to the entire population of ordinary cyclonic sys-
tems. A more recent climatological study over a longer pe-
riod (1979-2013) reported similar findings, with an increase
in the frequency of explosive cyclones in the band of 45—
55° S during winter and early spring (Wei and Qin, 2016).
The spatial distribution of these cyclones was found to
have a close association with that of strong baroclinicity. In
general, the preferred region for cyclogenesis is where both
a strong temperature gradient and an upper-level trough are
present (e.g., Shimada et al., 2014). While high baroclinic in-
stability associated with the horizontal temperature gradient
is crucial for the formation and the intensification of cyclones
(Davies, 1997; Uccellini, 1990), cyclogenesis occurs only at
the entrance and exit regions of upper-level troughs (e.g.,
Shimada et al., 2014). Around Antarctica, the strongest tem-
perature gradient is found during late winter and early spring
along the fringes of the ice pack, making the sea ice edge a
preferred region for cyclogenesis (e.g., Schlosser et al., 2011;
Stoll et al., 2018). However, the location of the temperature
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gradient relative to the ice edge depends strongly on the at-
mospheric circulation at larger scale, where a strong temper-
ature gradient can occur poleward of the ice edge (i.e., closer
to the ice shelves) during an enhanced zonal wave number
three (ZW3) pattern (Irving and Simmonds, 2015). This pat-
tern is characterized by the alternation of three troughs and
three ridges around Antarctica. Strong poleward transport of
heat and moisture occurs in the ascending branch of troughs,
and strong equatorward transport of cold air occurs in the
descending branch of ridges (e.g., Raphael, 2007). This zon-
ally alternating pattern of cold and warm air masses creates
temperature differences between the different sectors, fuels
frontogenesis, and promotes the development of explosive
cyclones close to the ice shelves and over the sea ice cover.

Another aspect of the ZW3 pattern is the impact of the
ridges on the propagation speed of the cyclones. In the
troughs, the extratropical cyclones and the associated mois-
ture and heat fluxes are directed poleward; once they reach
the Antarctic coast they are blocked by the ridges to their
east (Francis et al., 2019a, 2020). This results in stationary
cyclones over the same region for 1-2d, which in turn in-
duces pronounced impact on the sea ice (e.g., Francis et al.,
2019a) and waves (Vichi et al., 2019). The same scenario can
happen at the front of ice shelves during winter—spring if the
cyclones form closer to the coast and/or the sea ice extent
decreases under a warmer climate. Interestingly, the Antarc-
tic sea ice extent has been decreasing since 2015 (Swart et
al., 2018), and the ZW3 index has been the most positive on
record during the same period (Schlosser et al., 2018; Francis
et al., 2019a). Increased warm-air advection toward Antarc-
tica was found to be at the origin of the observed negative
anomaly in Antarctic sea ice extent in recent years (Schlosser
et al., 2018). Given the dual impact of ZW3 circulation on
both explosive cyclogenesis (location and intensity) and sea
ice extent, this combination may result in a more pronounced
impact of extreme cyclones on ice shelves.

Another extreme situation in cyclogenesis is the formation
of twin cyclones during which the resulting effect of the mu-
tually interacting cyclones is twice as strong as the individual
cyclones (e.g., Moustaoui et al., 2002). To our knowledge,
the formation of explosively developing twin cyclones has
been, to date, only observed and studied in the tropics (Fer-
reira et al., 1996; Moustaoui et al., 2002), in the mid latitudes
(Yokoyama and Yamamoto, 2019) and in the Arctic (Renfrew
et al., 1997). In this study, we report for the first time, the
formation of polar twin cyclones near Antarctica during two
consecutive events: one on 19-20 September 2019 at 60° E
and the second on 23-24 September 2019 at 85° E.

Despite the observed poleward shift of extratropical cy-
clones, the increasing number and intensity of explosive cy-
clones around Antarctica and the decline in sea ice extent in
recent years, the impact of extreme cyclones on ice shelves
instability has not been investigated to date.

Building on previous studies that investigated these pat-
terns separately, we aim in this study to assess the impact
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of extreme cyclone activity during the largest calving event
since 1963 at the Amery Ice Shelf. Using satellite data and at-
mospheric reanalyses, we investigate the role of atmospheric
forcings in this calving event which occurred under a ZW3-
like situation. The development of the explosive cyclones and
their impact on sea ice and land ice conditions are addressed
in Sect. 2. Section 3 discusses our findings. The data and
methods used in this study are described in Sect. 4.

2 Results

2.1 Explosive twin cyclones during
18-22 September 2019 - preconditioning

In September 2019, the synoptic conditions exhibited an am-
plified zonal wave number 3 (ZW3) pattern characterized
by three trough and ridge systems associated with anoma-
lies of low/high mean sea level pressure (MSLP). Compared
to all Septembers in the 1979-2019 period, the broad-scale
MSLP anomaly indicates that, for September 2019, there was
below-average pressure over much of the Antarctic continent
and above-average pressure to the north (Fig. 2a). In the In-
dian Ocean sector, the MSLP anomalies exceeded 1 standard
deviation from the mean over large areas with the strongest
troughing over the Cooperation and Davis seas (Fig. 2a). To
the west of this low-pressure anomaly, the South Atlantic
ridge exhibited strong positive anomalies exceeding 2 stan-
dard deviations from the mean (Fig. 2a). To the east of the
low-pressure anomaly around the Amery Ice Shelf, another
pronounced ridge encompassing southern Australia and the
Mawson Sea with positive MSLP anomalies exceeded 1 stan-
dard deviation from the climatological mean (Fig. 2a).

On a daily scale, the aforementioned synoptic setting
was synonym of frequent and extreme weather systems. On
17 September 2019 at 02:00 UTC, an extratropical cyclone
associated with a 968 hPa low pressure at its center and lo-
cated at 60° S, 40° E started to deepen while moving pole-
ward and eastward. It reached the western side of Coopera-
tion Sea on 18 September 2019 at 02:00 UTC with a 940 hPa
minimum pressure and remained over this region the en-
tire day (Fig. 2b); it then decayed on 19 September, with
980 hPa central pressure by 13:00 UTC. The rapid deepen-
ing of the low pressure is characteristic of explosive cyclones
(e.g., Sanders and Gyakum, 1980). The explosive cyclone
on 18 September 2019 was associated with significant pole-
ward transport of moisture (Fig. 2¢) and heat (Fig. 2d) car-
ried by an atmospheric river propagating poleward adjacent
to the low-pressure center. The atmospheric river was asso-
ciated with integrated water vapor transport (IVT) greater
than 500kg m~'s~! at its core, with IVT values around
100kgm~!s~! over Prydz Bay exceeding the 99th per-
centile of September climatology in this region (Fig. 3a). The
moisture and heat carried by the atmospheric river over the
ice sheet may have caused warming at the surface due to con-
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Figure 2. Standardized anomalies (std. anoms) of mean sea level pressure (MSLP) for September 2019 relative to the 1979-2019 Septem-
ber climatology. Black dots are regions where the standardized anomalies are larger than 1 standard deviation from the mean, and black
squares are regions where the normalized anomalies are larger than 2 standard deviations from the mean. The letter A in white indicates the
location of the Amery Ice Shelf. (b) MSLP (shaded) and winds at 925 hPa (vectors) on 18 September 2019 at 12:00 UTC; (¢) same as (b)
but for the total column water vapor (TCWYV) in colors, with winds at 925 hPa in vectors and MSLP in black contours; (d) same as (c) but
for 2 m temperature (in colors), with winds at 925 hPa in vectors, MSLP in black contours and 0 °C contour in red. Please note that the date

format used in this figure is year month day (yyyy-mm-dd).

densation (released heat) as well as an increase in downward
longwave radiation (e.g., Francis et al., 2020).

In the Southern Hemisphere, where cyclonic winds spin
clockwise, the highest wind speed occurs along the bent-
back front of the cyclone, i.e., to the west of the low-pressure
center of the cyclone (e.g., Wagner et al., 2011; Watanabe
and Niino, 2014). This was observed during the explosive
cyclone on 18 September 2019 which generated extremely
strong surface winds to the west of its center exceeding
20ms~! (Fig. 3b). Being stationary over Cooperation Sea
but to the west of the Amery Basin, this extreme cyclone gen-

https://doi.org/10.5194/tc-15-2147-2021

erated a sustained northeasterly wind stress over the northern
part of the ice shelf (Fig. 3b), as well as strong poleward
warm- and moist-air advection (Figs. 2c, d and 3a). The com-
bination of warm temperatures brought by the cyclone/AR
(atmospheric river) and strong easterly/northeasterly wind
speeds was unusual (Fig. 3). MSLP anomalies during this
event were in excess of —4 standard deviations (Fig. 3b),
with MSLP values below the 1st percentile of September cli-
matology over a large area along and to the north of the
ice shelf margin (Fig. 3b). Extreme wind anomalies exceed-
ing the 99th percentile over the central and eastern ice shelf

The Cryosphere, 15, 2147-2165, 2021
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margin were associated with this cyclone from 18 Septem-
ber through 19 September 2019 (Fig. 3c). Surface winds of
25ms~!, relative to the 99th percentile (5 standard devia-
tions above the climatological mean), were registered dur-
ing this event (Fig. 3b and c). Likewise, there were sustained
positive 2 m temperature anomalies throughout the period ex-

The Cryosphere, 15, 2147-2165, 2021

ceeding 2 standard deviations from the climatological mean
(Fig. 3d).

The first explosive cyclone on 18 September 2019 was fol-
lowed immediately by a second explosive cyclone which ap-
proached Cooperation Sea from the west on 19 September
at 14:00 UTC with a deep low of 952hPa. At 20:00 UTC,
this deep cyclone widened and evolved into two twin polar

https://doi.org/10.5194/tc-15-2147-2021
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cyclones over the same region (Fig. 4a). The twin cyclones
exhibited 960 hPa low pressure at their respective centers
and remained active to the west of the Amery Ice Shelf for
3 consecutive days (Fig. 4a). Their signatures dissipated in
the pressure field on 22 September 2019 at 00:00 UTC. The
poleward transport of heat (Fig. 4b) and moisture (Fig. 4c)
towards the Amery Ice Shelf continued during this event
together with extreme wind stress exceeding the 99th per-
centile (Fig. 4d). Being stationary to the west of the Amery
Ice Shelf (Fig. 4a), the twin cyclones induced extreme east-
erly winds across the ice shelf, with u-wind anomalies
exceeding —5 standard deviations of September climatol-
ogy over the western ice shelf from 19 September 2019 at
19:00 UTC through 20 September at 11:00 UTC (Fig. 4d)
and below the Ist percentile u-wind values over the whole
lower ice shelf area (Fig. 4d). When compared with the cli-
matology for all months during 1979-2019, many hourly
wind speeds over the ice shelf front during 18-20 September
were substantially greater than the 99th percentile of clima-
tology, with the most anomalous wind speeds on 18 Septem-
ber (Fig. 6e).

On 21 September 2019, the twin cyclones merged and
moved to the area in front of the Amery Ice Shelf (Fig. 4e),
resulting in a deep cyclone associated with MSLP at its cen-
ter below the 5th percentile. The remnant cyclone slowly
moved along the northern margin of Prydz Bay and de-
cayed on 22 September 2019. Anomalously warm air masses
were brought by this cyclone over the margins of the Amery
Ice Shelf exceeding the 90th percentile (Fig. 4e). MODIS
satellite imagery on this day showed a swirling cyclone
at the mouth of the Amery Ice Shelf (Fig. 4f). Sentinel-
3A and Sentinel-3B observations on 22 September 2019 at
00:00 UTC (i.e., during the decay of the cyclones) show ele-
vated sea surface at the ice shelf front area reaching 6 m sig-
nificant wave height (Fig. 4g). Given the easterly direction of
the winds associated with the storm during this episode, the
observed elevation of sea surface indicates that storm tide
occurred at the ice shelf front. Furthermore, waves and tides
generated by the cyclones during the 18-21 September 2019
period, when easterly wind speeds were stronger, may have
been substantially higher. Unfortunately, sentinel observa-
tions are not available during this period over the area of
interest to check this.

Surface melt during this event may have occurred briefly
due to the anomalous warm and moist air masses. How-
ever, the inspection of daily satellite images of Sentinel-
1 backscatter coefficient, MODIS ice surface temperature
and AMSR2 (Advanced Microwave Scanning Radiometer 2)
brightness temperature did not show any prolonged nor sig-
nificant surface melt at the Amery Ice Shelf during this event.

In summary, an extended period of strong cyclonic ac-
tivity from 18 to 22 September 2019 resulted in an excep-
tional period of strong easterly/northeasterly winds over the
western side of the Amery Ice Shelf where the climatology
shows a positive zonal component. These exceptional winds
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generated a significant storm surge onto the ice shelf and
helped in preconditioning the break-off as will be discussed
in Sect. 2.3.

2.2 Twin polar cyclones during 23-24 September 2019
— calving

Following the extended period of extreme cyclones in Co-
operation Sea, an explosive cyclone started to develop on
21 September 2019 centered at 45° E and 60° S. The pres-
sure at its center deepened from 976 hPa on 21 Septem-
ber at 19:00 UTC to 952hPa on 22 September 2019 at
19:00 UTC (not shown). On 23 September 2019, the large
explosive cyclone entered Cooperation Sea from the west
with a deep low of 940hPa (Fig. 5a). It was accompa-
nied by an intense atmospheric river exhibiting core IVT
greater than 800kgm™'s~! and stretching from mid lati-
tudes towards Antarctica (Fig. 5b). The explosive cyclone
was stationary over Cooperation Sea during the whole day
on 23 September 2019, being trapped between two far-south-
reaching blocking highs: the first to the west of it and the
second to its east (Fig. 5a and c). The cyclone intensified, in-
creased in size and evolved into twin cyclones on 24 Septem-
ber 2019 at 00:00 UTC associated with 952 hPa low pressure
at their respective centers (Fig. Sc and d). The mutual interac-
tion between the two cyclones appeared as co-rotation and an
eastward translation of the binary pair by the ambient flow.
The interplay between the cyclones lasted for 1 d, after which
the twins merged and decayed on 25 September 2019.

To the south of the twin cyclones, a cold high pressure
(1036 hPa) developed over the ice sheet as a result of the
accumulation of cold air due to the blocking ridge to the
northeast (Fig. 5c). The high pressure advected very cold air
(2m temperature below —40 °C) into the twin-cyclone sys-
tem (Fig. Se and f), which may have fostered baroclinicity
and frontogenesis, hence sustaining the twin cyclones for a
longer period of time.

The atmospheric river continued to advect large amounts
of moisture, and precipitation occurred over a large area
(Fig. 5d). Sustained advection of exceptionally warm air
masses was observed during this event as well (Fig. Se and
f). Air masses characterized by 0 °C 2 m temperatures were
seen to penetrate further south, reaching 66° S over the re-
gion to the east of the twin cyclones during the whole day on
24 September 2019 (Fig. Se and f).

During 23-24 September, the deep twin polar cyclones
were stationary to the east of the Amery Ice Shelf (Fig. 5)
associated with MSLP anomalies at their centers below the
5th percentile (Fig. 6a and c). They induced extreme west-
erlies (10m wind speed on the order of 17ms™!) across
the ice shelf with positive 10m wind anomalies exceeding
2 standard deviations from the climatological mean (Fig. 6a).
The direction of the winds was also exceptional with u-wind
values above the 99th percentile over the western ice shelf
margin from 23 September 2019 at 18:00 UTC (Fig. 6b)
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Figure 4.

through 24 September 2019 at 12:00 UTC and below the
Sth percentile #-wind values over the lower eastern ice shelf
area (Fig. 6a and b). Weaker but still significant (95th per-
centile) westerly wind anomalies lingered during the remain-
der of the day on 24 September 2019 and through midday
on 25 September 2019 with wind speed at 10 m reaching
15ms~! at the front of the ice shelf (Fig. 6d). Sustained pos-
itive 2 m temperature anomalies were observed throughout
the twin cyclone event over the eastern side of Prydz Bay.
Warm-air advection by the twin cyclones brought 95th per-
centile rank temperatures over the eastern side of the Amery
Ice Shelf and Prydz Bay on 23 and 24 September 2019 and
90th percentile rank temperatures inland over Princess Eliz-
abeth Land (Fig. 6¢). These episodes of poleward advection
of warm air masses may explain the observed positive trend
in surface temperatures during winter and spring seasons at
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Prydz Bay reported by Heil (2006) using measurements from
ground stations.

The distribution of hourly 10 m wind speed for all months
in 1979-2019 over the Amery Ice Shelf front is shown in the
histogram in Fig. 6f. The winds during the 18-22 Septem-
ber 2019 period were exceptionally unusual compared to the
record. The winds during the 23-25 September 2019 period
were strong but not unusually extreme. This suggests that the
first extreme cyclones’ event had an important role in precon-
ditioning the ice shelf front for break-off, while the offshore
winds during the second event triggered the calving along the
T1 rift.
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Figure 4. ERAS reanalysis of (b) MSLP in colors and winds at 925 hPa in vectors on 19 September 2019 at 22:00 UTC; (b) 2 m temperature
in colors, with winds at 925 hPa in vectors, MSLP in black contours and 0 °C contour in red on 19 September at 22:00 UTC; (c) total column
water vapor (TCWYV) in colors, with winds at 925 hPa in vectors and MSLP in black contours on 20 September 2019 at 00:00 UTC; (d)
standardized anomalies (std. anoms) relative to the full record (1979-2019) of 10 m u-wind values on 20 September 2019 at 00:00 UTC.
Vectors show 10 m wind anomalies; black contours show positive MSLP anomalies; and dashed black contours show negative MSLP anoma-
lies. Colored contour lines show percentile rank (PR) extremes (1st, Sth and 10th as well as 90th, 95th and 99th percentile ranks) of the
corresponding quantities indicated on the plots; (e) 2m temperature in colors, with 10m winds in vectors, MSLP in black contours and
0°C contour in red dashed-line on 21 September at 06:00 UTC. (f) MODIS visible imagery on 21 September 2019; image credit: NASA
Worldview. (g) Sentinel-3A and Sentinel-3B observations of wave height on 22 September 2019 at 00:00 UTC; image credit: ESA Ocean
Virtual Laboratory. Please note that the date format used in this figure is year month day (yyyy-mm-dd).

2.3 The calving the Amery Ice Shelf. The storm surge caused by the first
twin cyclones (i.e., Fig. 4g) was followed by an oceanward
slope induced by the second episode of cyclones. Figure 7a
shows a clear increase in maximum ocean slope close to the
Amery Ice Shelf in the period prior to the calving (0.05°
slope anomaly). The wind pattern of 23-24 September in-

The anomalous atmospheric conditions during the extended
period of strong cyclonic activity occurring over the ice cover
in the Cooperation and Davis seas (i.e., south to the sea ice
edge) impacted the state of the ocean in front of and around
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Figure 5. (a) MSLP in colors and winds at 925 hPa in vectors on 23 September 2019 at 00:00 UTC; (b) integrated water vapor transport
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Figure 6. (a) Standardized anomalies (std. anoms) relative to the full September record (1979-2019) of 10 m wind speed (colors) on
23 September 2019 at 18:00 UTC. (b) Same as (a) but with the # component of 10 m wind as filled contours on 24 September 2019 at
00:00 UTC. Vectors show 10 m wind anomalies; black contours show positive MSLP anomalies; and dashed black contours show negative
MSLP anomalies. Colored contour lines show percentile rank (PR) extremes (1st, Sth and 10th as well as 90th, 95th and 99th percentile
ranks) of the corresponding quantities indicated on the plots. (¢) Temperature at 2m in colors, with winds at 925 hPa in vectors, MSLP
in black contours and 0 °C contour on a red dashed line on 23 September at 21:00 UTC. (d)Wind speed at 10 m in colors, with 10 m wind
direction in black vectors and MSLP in black contours on 24 September 2019 at 10:00 UTC. (e) Histogram showing the distribution of hourly
10 m wind speed for all months during 1979-2019, spatially averaged over 70-65° S and 70-75° E. The colored vertical lines correspond to
hourly values during the 18-25 September 2019 period. Each given day in September 2019 has 24 hourly values plotted in the same color.
Please note that the date format used in this figure is year month day (yyyy-mm-dd).
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duced a significant slope on the ocean surface at/near the ice
front. This oceanward slope tugs on the ice front, placing ex-
tensional stress on the pre-existing rift. The SAR (synthetic-
aperture radar) satellite image on 23 September 2019 to-
gether with the ice-displacement velocity (rate and direc-
tion in vectors) relative to 11 September 2019 are shown in
Fig. 7b. The displacement vectors indicate that the iceberg-
to-be was rotating in the period 11-23 September 2019 prior
to the calving. Wind-induced ocean slope caused a leftward
(relative to the rift T1) splitting movement of the future ice-
berg prior to break-off on 25 September 2019. This caused
rapid opening of the crack and subsequent movement of the
iceberg away from the ice shelf (Fig. 8a).

The extreme nature and long duration of the cyclones dur-
ing both cyclones’ episodes resulted in sustained tides and
oceanward slope of the sea surface, consecutively. Between
the previous storm event and the 23-24 September storm,
there was a rapid change from a shoreward surge to ocean
slope away from the ice front. This put strain on the pre-
existing rift at the front of the Amery Ice Shelf, leading to
rift growth and calving.

2.4 Seaice conditions

The action of strong winds on sea ice removal from the area
at the mouth of the Amery Ice Shelf was visible in MODIS
imagery as well as in the satellite observations of sea ice con-
centration and drift (Fig. 8). During the period of the twin
polar cyclones on 23-24 September 2019, the sea ice was
pushed about 65 km away from the ice shelf front in just a
2d period of time (Fig. 8a). The ice-free region in front of
the ice shelf presented an asymmetric shape where the sea
ice in front of the western side of the ice shelf was pushed
further away compared to the sea ice in front of the eastern
side (Fig. 8a). This may have made the western side more
vulnerable to the winds and associated tide/ocean slope in-
duced by the consecutive explosive cyclones.

Moreover, sea ice concentration in Cooperation Sea and at
the Amery Ice Shelf front area was reduced to below 60 %,
reaching 40 % in some places (Fig. 8b and c). By the end
of the intense cyclonic-activity period, areas of open water
formed especially at the locations of the strongest surface
winds, i.e., to the west of the twin cyclones’ centers (Fig. 8b
and c). Significant reduction in sea ice concentration was also
observed along the sea ice edge associated with wind-driven
currents and waves (Fig. 8b).

Significant sea ice drift was observed at the mouth of the
Amery Ice Shelf associated with the exceptional westerlies
generated by the twin cyclones on 23-24 September 2019
(Fig. 8c). The sea ice drift velocity during this period reached
50kmd~"! on average, and the sea ice drifted away from the
Amery Ice Shelf towards the east and northeast (Fig. 8c).

Sea ice loss in the vicinity of weakened or flooded shelves
is considered to be a contributing factor to rapid ice shelf
calving (e.g., Massom et al., 2018). The removal of the pro-
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tective buffer represented by sea ice for ice shelves (e.g.,
Massom et al., 2018) may have increased the effect of the
oceanward slope on the outer ice shelf western margin and
helped in the gravitationally induced calving.

Explosive cyclones crossing the sea ice zone around
Antarctica can generate waves of up to 8 m in height that
are capable of propagating more than 100 km into the sea
ice cover (Vichi et al., 2019). The consecutive deep cyclones
under scrutiny impacted immediately the Amery Ice Shelf
front, since they were found very close to the coast. During
the first period of explosive twin cyclones, the cyclones were
sitting to the west of the Amery Ice Shelf, which directed
anomalous warm and moist easterlies towards it. This situ-
ation caused shoreward storm surge and tide immediately at
the shelf front (Fig. 4g). This was then followed by additional
extreme atmospheric forcing brought by the second event of
explosive twin cyclones, producing strong offshore winds,
sea ice removal and oceanward sea surface slope. This com-
bination of factors weakened the ice shelf front and made it
more vulnerable, resulting in amplification of the fractures
along the pre-existing rifts and leading ultimately to its calv-
ing.

Previous studies (Holdsworth and Glynn, 1978; Squire et
al., 1994) have shown that calving ice shelves can be trig-
gered by wind-induced waves which impose flexural strains
on the ice shelves, with the potential to induce crevasse and
rift propagation and calving (Robinson and Haskell, 1992;
Bromirski et al., 2010). This effect can be even maximized
by the loss of the protective sea ice pack at the front of the
ice shelves (Massom et al., 2018). Here we have shown that
the series of intense cyclones provided ideal conditions for
both sea ice reduction, wind tides and ocean slope and ulti-
mately triggered the calving on 25 September 2019.

3 Discussion and conclusions

In this study, the role of atmospheric extremes in the recent
calving of the Amery Ice Shelf in September 2019 is ad-
dressed by investigating the atmospheric conditions in com-
bination with the ice and ocean state. During the month
of September 2019, the circulation around Antarctica was
characterized by, anomalously pronounced, three ridges and
three troughs with the Indian sector of the Southern Ocean
being under the influence of troughing and surrounded by
two blocking ridges: one over the South Atlantic to the west
and one over Davis Sea and southern Australia to the east.
During the second half of September 2019, a series of
explosive polar cyclones, evolving into stationary twin po-
lar cyclones, impacted the region of the Amery Ice Shelf.
The first explosive cyclone occurred on 18 September 2019
and evolved into two stationary twin polar cyclones on 19—
22 September 2019, sitting to the west of the ice shelf. The
second explosive cyclone formed on 23 September 2019
and evolved into two stationary twin polar cyclones on 24—
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Figure 7. (a) Two-dimensional map of maximum ocean slope anomaly derived from the HYCOM (HYbrid Coordinate Ocean Model)
reanalysis dataset during the period 17-20 September 2019 relative to September 2019 mean and time series of slope and surface elevation
over the red bounding box showed on the map. (b) SAR image of the Amery Ice Shelf on 23 September 2019. The red vectors correspond
to the ice displacement on 23 September 2019 (both velocity and direction) relative to 11 September 2019. Please note that the date format
used in this figure is year month day (yyyy-mm-dd).
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Figure 8. (a) MODIS satellite visible imagery of the Amery Ice Shelf showing the ice shelf before the calving on 23 September 2019 and
during the calving on 24-25 September 2019. Image credit: NASA Worldview. (b) Satellite-derived sea ice concentration (SIC) and ERA5-
derived daily mean 10 m winds in vectors over 55-75° S and 50-90° E on 24 September 2019 at 00:00 UTC. (c) Satellite-derived daily sea
ice drift velocity in colors and direction in vectors on 23 September 2019. The solid pink contour is the 0 % sea ice concentration contour,

and the solid purple contour is the 95 % sea ice concentration contour.
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25 September 2019, sitting, this time, to the east of the
Amery Ice Shelf. Both explosive-cyclone episodes were ac-
companied by intense atmospheric rivers bringing anoma-
lous warm and moist air masses poleward. The stationary
aspect of the deep cyclones had a large impact on the ice con-
ditions, as it subjected the ice to sustained stress and strain.
The main difference between the two episodes is the location
at which the twin cyclones were stationary, relative to the
Amery Ice Shelf, which determined the characteristics of the
air masses and the wind direction that affected the ice shelf.
This position of the cyclones relative to the Amery Ice Shelf
was, in turn, determined in each episode by the location of
the blocking ridges in the general circulation.

During the first episode, anomalous warm, moist and east-
erly winds impacted the ice shelf and surrounding sea ice,
whereas during the second episode, the ice shelf and sur-
rounding sea ice were under the influence of anomalous
westerlies. The first episode resulted in a shoreward storm
surge at the front of the ice shelf. During the second episode,
anomalously strong offshore winds resulted in an oceanward
slope and an ice-free area in front of the western side of the
ice shelf. The sustained strong winds and associated sea sur-
face slope toward the open ocean maintained a strain on the
shelf front and amplified the fracture along the pre-existing
rift, leading to the calving.

The detached iceberg after calving followed a northeast-
erly motion, being dragged by the prevailing winds and as-
sociated ocean currents. This drifting direction was similar
to the one followed by the sea ice 1d before and gave an
indication of the impact of the wind direction on this pro-
cess. Given the east-exposed orientation of the crack at the
ice shelf front, the direction of the sustained strong westerly
winds was deterministic for the calving.

In summary, atmospheric forcings by the explosive twin
polar cyclones induced a gravitationally driven calving at the
Amery Ice Shelf in September 2019 via storm tide and sub-
sequent oceanward sea surface slope.

The analysis of this unique event could help better explain
the underlying factors triggering the calving of ice shelves
and hence improve the modeling capabilities of ice shelf fu-
ture evolution regarding their possible contribution to sea
level rise. Our analysis highlights the need for ice sheet mod-
els, used to project sea level rise, to account for atmospheric
forcing at high resolution, in addition to sea ice and ocean
waves, if they were to simulate accurately the changes oc-
curring in the ice sheet and glaciers and their contribution to
sea level rise.

In fact, important changes in the atmospheric circulation
are being observed in the Southern Hemisphere. For in-
stance, between 1979 and 2010 the subtropical jet streams
moved poleward by 6.5 £0.2° in the Southern Hemisphere
(Hudson, 2012), and the westerlies strengthened and shifted
poleward (Fogt and Marshal, 2020). The observed poleward
movement over the past few decades represents a signifi-
cant change in the position of the subtropical jet stream,
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which should lead to significant latitudinal shifts in the global
weather patterns, the hydrological cycle and their impact on
Antarctic ice shelves.

The variability of the polar jet front in the Southern Hemi-
sphere and whether behavior similar to the polar jet in the
Northern Hemisphere is underway around Antarctica need
to be investigated in future work. Several studies have shown
evidence for a wavier jet stream in response to rapid Arctic
warming and reported a weakening of the polar jet as a result
of a reduced temperature gradient between high and mid lat-
itudes due to the increased temperatures in the Arctic (e.g.,
Francis and Vavrus, 2015; Coumou et al., 2015; Mann et al.,
2017). Such a change in the polar jet, which acts as an isola-
tion boundary between high and mid latitudes, would lead to
more interactions and spark feedback mechanisms between
the Antarctic system and mid latitudes as happened to be the
case in the Arctic (Francis et al., 2018, 2019b).

The poleward shift of the cyclones together with the de-
crease in sea ice extent in recent years makes it more urgent
to assess the impact of cyclones on Antarctic-wide maritime-
terminating ice shelves, as higher numbers of large cyclones
could be expected to reach further south and therefore affect
ice shelves’ dynamics. If extreme polar cyclones are to form
or reach more frequently ice shelves due to climate change,
their destructive effect may have important consequences and
needs to be accounted for in models used for sea level and
Antarctic Ice Sheet mass balance projections.

4 Data and methods

The atmospheric analysis is based on data from the ERAS
reanalysis (Hersbach et al., 2020). For the period 16—
25 September 2019, hourly maps of mean sea level pres-
sure (MSLP), winds, 2m temperature and total column water
vapor (TCWV) were analyzed. Furthermore, in order to in-
vestigate the anomalous character of the atmospheric condi-
tions, we calculated, for the same period and quantities listed
above, hourly standardized anomalies and percentile ranks
relative to all hourly ERAS September values during the
full record (1979-2019) over the area 45-95°E, 50-75°S.
In addition, a histogram analysis has been performed over a
smaller domain limited to the ice shelf front area and adjacent
mouth of Prydz Bay (i.e., 70-65° S and 70-75° E). The his-
tograms represent the distribution of hourly values spatially
averaged over this domain, for all months during 1979-2019.

Daily sea ice extent and concentration data are derived
from the AMSR-E/AMSR2 (Advanced Microwave Scan-
ning Radiometer for EOS, NASA’s Earth Observing System)
unified record (Meier et al., 2018) at 12.5km spatial res-
olution (https://nsidc.org/data/AU_SI12/versions/1, last ac-
cess: 15 May 2020). To check the motion in the sea ice
field in the Amery Basin, we used the low-resolution sea
ice drift product of the EUMETSAT (European Organisa-
tion for the Exploitation of Meteorological Satellites) Ocean

The Cryosphere, 15, 2147-2165, 2021


https://nsidc.org/data/AU_SI12/versions/1

2162

and Sea Ice Satellite Application Facility (OSI SAF, http:
/Iwww.osi-saf.org, last access: 10 June 2020). This is a 48 h
average gridded ice drift dataset processed on a daily basis
and made available on a 62.5km polar stereographic grid
(e.g., Kwok et al., 2017). Ice motion vectors are estimated
by an advanced cross-correlation method on pairs of satel-
lite images (Lavergne et al., 2010). It uses the multi-sensor
spatial covering product that combines SSMIS (Special Sen-
sor Microwave Imager/Sounder, 91 GHz H and V polariza-
tion) on board DMSP (Defense Meteorological Satellite Pro-
gram) platform F17, ASCAT (Advanced SCATterometer, C-
band backscatter) on board EUMETSAT platform MetOp-
A (Meteorological Operational satellite) and AMSR-2 on
board JAXA (Japan Aerospace Exploration Agency) plat-
form GCOM-W (Global Change Observation Mission — Wa-
ter). Due to atmospheric noise and surface melting these
data are only available for the Southern Hemisphere winter
(1 April to 31 October).

Visible imagery of the Amery Ice Shelf and surrounding
area are taken from MODIS/VIIRS (Visible Infrared Imag-
ing Radiometer Suite) land products (ORNL DAAC, 2018)
using the NASA Worldview application (https://worldview.
earthdata.nasa.gov, last access: 10 May 2020).

Sentinel-1 data have been used to determine potential sur-
face melt (e.g., Datta et al., 2019) and to track ice velocity
over the Amery Ice Shelf prior to the D28 iceberg calving by
using feature tracking in ESA’s SNAP (Sentinel Application
Platform) Sentinel-1 toolbox. Sentinel-3A and Sentinel-3B
data were used via the ESA Ocean Virtual Laboratory appli-
cation to determine the wave height at the front of the Amery
Ice Shelf.

The ocean slope and elevation are taken from the Hybrid
Coordinate Ocean Model (HYCOM, https://www.hycom.
org/, last access: 20 October 2020). HYCOM (Cummings
and Smedstad, 2013) is a data-assimilative hybrid isopycnal-
sigma-pressure (generalized) coordinate ocean model of
which we downloaded elevation from the Google Earth En-
gine at a 0.08° latitude—longitude grid. Based on this eleva-
tion dataset, the surface slope was derived as the local gradi-
ent using the four-connected neighbors of each pixel.
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