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Abstract This study examines the role of atmospheric forcings in the occurrence of open‐ocean polynyas
by investigating the case of the austral winter 2017's polynya located in the Lazarev Sea sector to the east
of the Weddell Sea, known as the Maud Rise polynya or the Weddell Polynya. The ice‐free zone appeared in
mid‐September 2017 and grew to as large as 80,000 km2 by the end of October 2017 before merging
with the open ocean after the sea ice started to retreat at the beginning of the austral summer. Using a
combination of satellite observations and reanalysis data at high spatiotemporal resolution, we found that
severe cyclones, occurring over the ice pack, have a deterministic role in creating strong divergence in the
sea ice field through strong cyclonic surface winds leading to the opening of the polynya. The occurrence of
intense and frequent cyclones over the ice pack during austral winter 2017 was unusual, and it occurred
under an enhanced strong positive meridional transport of heat flux and moisture toward Antarctica
associated with an amplification of the atmospheric zonal wave 3 and a strong positive Southern Annular
Mode index. We found that the opening of the polynya was not primarily due to direct ice melt by
thermodynamic effects but rather to strong dynamical forcing by the winds on the sea ice, as in the case of
coastal polynyas. Indeed, the meridional transport of heat toward Antarctica occurred over the Weddell
Sea sector (i.e., to the east of the Lazarev Sea sector where the polynya is located) whereas the Lazarev Sea
sector was under the influence of equatorward transport of cold air masses at that time. Our results show
that the supply of warm and moist air coming from the west side of the South Atlantic Ocean into the
Weddell Sea significantly increased the potential for cyclone formation as measured by the Eady growth rate
leading to intense and frequent cyclogenesis over the ice pack, far south from the ice edge. After cyclogenesis
in the Weddell Sea, these cyclones intensified as they moved eastward spinning over the Lazarev Sea
with intensity comparable to category 11—violent storms—in the Beaufort scale. The cyclonic winds
generated sea ice divergence by pushing the ice away from the cyclone center: To the east, north of it and to
the west, south of it, which led to the reoccurrence of the Maud Rise polynya in mid‐September 2017.

1. Introduction

Midsea winter polynyas that occur in the middle of the ice pack over certain oceanic‐preconditioned areas
around Antarctica have been intriguing features since they were first spotted in the satellite imagery in
the 1970s. Several attempts to explain the underlying causes for the occurrence of open‐ocean polynyas have
been made in the past, but little attention has been given to the role of the atmospheric forcings in such
phenomena. Here we shed light on the atmospheric triggers for the opening of the austral winter 2017's
polynya located in the Lazarev Sea sector to the east of the Weddell Sea, known as the Maud Rise or the
Weddell polynya (Figure 1). The ice‐free zone appeared in mid‐September 2017 with an areal extent of
approximately 9,500 km2 (Figure 1) and grew to as large as 80,000 km2 by the end of October 2017 before
merging with the open ocean after the sea ice started to retreat at the beginning of the austral summer.

Polynyas, defined as a stretch of open water surrounded by ice (e.g., Morales Maqueda et al., 2004), are
frequently found near the Antarctic coast where strong katabatic winds push the ice offshore leading to
open‐water patches (i.e., Nihashi & Ohshima, 2015) and rarely in the midst of the winter sea ice pack.
One such midsea polynya, found around Antarctica, occurs over the Maud Rise (Carsey, 1980; Mazloff
et al., 2017; Reid et al., 2017). The Maud Rise in the Lazarev Sea provides an ideal location for the initializa-
tion of a midsea polynya. The rise is a seamount that climbs about 4,000 m to within 1,200 m of the surface
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creating a semipermanent Taylor cap that brings middepth Weddell Deep Water to the surface (e.g., Dufour
et al., 2017; Kurtakoti et al., 2018). In this area, the sea ice is thin in general and has low concentration even
during winter months (e.g., Kurtakoti et al., 2018; Schlosser et al., 2018).

Once opened, the polynya works like a window through the sea ice, transferring huge amounts of energy
between the ocean and the atmosphere. Unusual cloud formation is found over large midsea polynyas
(i.e., Weijer et al., 2017), which makes them even more difficult to detect from space. Given their large size
in themiddle of the ice pack,midsea polynyas, through intense deep convection, are capable of impacting the
climate locally, regionally, and potentially globally (e.g., Morales Maqueda et al., 2004) by modifying the
oceanic circulation underneath (i.e., Gordon, 1998). This includes impact on the regional atmospheric circu-
lation (e.g., Moore et al., 2002), the global overturning circulation (e.g., Martin et al., 2013, 2015), Antarctic
deep and bottomwater properties (e.g., Zanowski et al., 2015), and oceanic carbon uptake (Bernardello et al.,
2014). Therefore, it is important to identify the triggers for the occurrence of midsea polynyas to improve
their representation in themodels, hence their predictability and associated feedbacks on the climate system.

Because Antarctica is a continent surrounded by ocean, sea ice can be spread freely by surface winds. These
winds are strongly linked to weather systems (e.g., Schemm, 2018) which in turn are the result of the larger‐
scale climate variability (e.g., Pope et al., 2017). Recent studies have shown that surface winds are the key
factor, both thermodynamically and dynamically, underlying the sea ice variability around Antarctica and
can explain most of the observed interannual variability and sea ice trends (Holland & Kwok, 2012; Kwok
et al., 2017; Matear et al., 2015; Schemm, 2018). For example, Schemm (2018) examined connections
between sea ice extent and the frequencies of extratropical cyclones and blocks and showed that significant
connections exist between weather systems and sea ice conditions in almost all regions that exhibit long‐
term sea ice trends during spring and autumn.

Swart et al. (2018) stated that in the lead‐up to the 2017 polynya event, the Southern Annular Mode (SAM),
which is the dominant mode of atmospheric variability in the extratropical Southern Hemisphere, was
strongly positive with three of its 10 highest monthly values since 1957 recorded in 2015 and 2016, including
the largest value in February 2015—coinciding with the annual sea ice minimum. They suggested that
strong winds and an associated enhanced Weddell Gyre may have favored the right preconditions for a
polynya event and concluded that more research is needed to better understand the respective roles of
large‐scale modes (SAM) versus regional circulation anomalies.

While several atmospheric phenomena can be at the origin of strong surface winds, inward spiraling
winds generated by synoptic‐scale cyclones are so powerful and cyclones of different types and

Figure 1. MODIS satellite visible imagery showing the location of the Maud Rise polynya in the Lazarev Sea to the east of the Weddell Sea and the Antarctic
Peninsula. Satellite images are from NASA Worldview (https://worldview.earthdata.nasa.gov/) and adapted by the authors.
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categories are considered to be the most powerful atmospheric features around the globe (e.g., Orlanski,
1975; Rudeva & Gulev, 2007) given their significant impacts on the environment on a synoptic scale as
a result of the extremely high energy they carry (e.g., Bou Karam et al., 2010; Francis et al., 2018). This
is particularly true in polar areas, where polar cyclones are intense and their impact on the surface is
believed to be considerable (Kolstad, 2011; Rasmussen & Turner, 2003; Simmonds et al., 2008). In the
Southern Hemisphere, where cyclonic winds spin clockwise, the highest wind speed occurs along the
bent‐back front of the cyclone, that is, to the left of the low‐pressure center of the cyclone (Wagner
et al., 2011; Watanabe & Niino, 2014).

Polar cyclones, both baroclinic and “convective” systems (i.e., “systems for which the main energy source is
latent heat release in deep convection,” Rasmussen & Turner, 2003, section 1.3), are known for their impact
on the sea ice drift, fractioning, and redistribution. Several studies have demonstrated the important role of
polar cyclones in the rapid creation of extreme sea ice conditions and that from a dynamical point of view,
more frequent and intense cyclones result in more fragile and less consolidated ice edge. (e.g., Bromwich
et al., 2011; Kwok et al., 2017; Turner et al., 2002; Wang et al., 2014). These findings attest to the strong
impact that cyclone‐induced winds can have on the sea ice drift and redistribution. The preferred region
for cyclogenesis is generally where both a strong temperature gradient and an upper‐level trough are found
(e.g., Davies, 1997; Shimada et al., 2014; Uccellini, 1990). Around Antarctica, the strongest temperature gra-
dient is found 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; Yanase & Niino, 2007). High baroclinic instability associated
with the horizontal temperature gradient is crucial for the formation and the intensification of the cyclones
(Davies, 1997; Uccellini, 1990; Yanase & Niino, 2007), but cyclogenesis occurs only at the entrance and exit
regions of upper‐level troughs (e.g., Kolstad, 2011; Shimada et al., 2014).

However, the location of the temperature gradient relative to the ice edge depends strongly on the general
atmospheric conditions at large scale. Of particular importance is the meridional heat and moisture
transport that can be characterized by looking at the zonal wave number 3 (ZW3) pattern in the general
circulation around Antarctica (Raphael, 2004). The amplitude of ZW3 is an indication of the larger‐scale
temperature gradient so that high amplitudes of ZW3 are associated with steeper temperature gradients.
The ZW3 (together with zonal wave 1, ZW1) describes the asymmetry in the generally strongly zonally sym-
metric circulation of the extratropical Southern Hemisphere. Both ZW1 and ZW3 have preferred regions of
meridional flow, guiding the meridional transport of heat and moisture into and out of the Antarctic. ZW1
and ZW3 vary with each other so that when ZW3 is strong, ZW1 is weak, and vice versa. Although the ampli-
tude of the wave is highest near 49°S (e.g., Hurrell et al., 1998; van Loon & Jenne, 1972) the southern edges of
the wave extend far enough south to influence the sea ice field. Where the anomaly is positive (in the ridges)
the flow is expected to be counterclockwise and diverging, and where it is negative (in the troughs) the flow
is expected to be clockwise and converging (Raphael, 2007). This results in regions of preferred northerly
(poleward) and southerly (equatorward) flow whose locations are strongly influenced by the phase of
ZW3. ZW3 forces an alternating pattern of equatorward (colder) and poleward (warmer) flow which
influences the temperature difference between the different sectors. An index of ZW3 based on its amplitude
defined by Raphael (2004) shows that ZW3 has positive and negative phases, where a positive phase indi-
cates strong meridional flow and a negative phase more zonal flow. van Loon and Jenne (1972) and
Raphael (2007) show that the annual cycle of the ZW3 has a maximum in austral winter and a minimum
in spring.

Through the meridional transport of heat and moisture, the ZW3 influences the variability of Antarctic sea
ice both dynamically and thermodynamically. Schlosser et al., 2018 showed that the early onset of melt and
the rapid decrease in sea ice area and sea ice extent in 2016 were associated with atmospheric flow patterns
related to a positive ZW3 index, that is, synoptic situations leading to strong meridional flow and
anomalously strong southward heat advection in the regions of strongest sea ice decline. Increased warm
air advection toward Antarctica triggered the negative Antarctic sea ice anomaly in 2016 and 2017. Irving
and Simmonds (2015) found that ZW3‐like anomalous states are associated with large precipitation anoma-
lies linked to convective systems over coastal Antarctica. Raphael (2007) and Raphael and Hobbs (2014)
showed that the influence of ZW3 on sea ice concentration (SIC) appears greatest in the southern fall and
early winter. Among the regions that are strongly influenced by the ZW3 is the Weddell Sea where positive
correlations with the ZW3 index were found, whereas the strongest negative correlations occur in the
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Lazarev Sea. They explained this negative correlation by the fact that their analysis did not take into
account the role of strong wind and storms on the SIC. Moreover, Raphael (2007) concluded that the
influence of the surface winds associated with ZW3 on SIC and redistribution has not been analyzed and
suggested that anomalous wind direction associated with a strong ZW3 could have a great influence on
the sea ice advection. This is in agreement with the recent findings by Schemm (2018) who stressed the role
of anomalous winds associated with low and high pressure systems on the sea ice extent and the spatial and
temporal connections.

Building on these studies that investigated separately the link between atmospheric ZW3 pattern and sea ice
conditions and the role of cyclones in sea ice dynamics, we aim in this study to establish the link between
cyclone activity and sea ice dynamics leading to the occurrence of the polynya and to highlight the role of
the ZW3 pattern in both cyclone activity and polynya occurrence.

The role of atmospheric forcings in the opening of theMaud Rise polynya 2017 under a ZW3‐like situation is
investigated in this study using satellite data for the sea ice characterization and atmospheric reanalyses to
describe the synoptic conditions during the austral winter months July to September 2017. The data used are
described in section 2. The general atmospheric conditions at synoptic scale are addressed in section 3. In
section 4, we investigate the atmospheric dynamics during the period 13–16 September when the polynya
first opened, and we characterize the composition of the atmosphere above the polynya in section 5.
Section 6 summarizes our findings.

2. Data
2.1. Reanalyses Data

European Centre for Medium‐RangeWeather Forecasts Interim reanalysis (ERA‐Interim) data were used to
investigate the synoptic atmospheric conditions during the austral winter 2017 relative to the climatological
record. These reanalysis data are available from 1 January 1979 to present at 6‐hourly intervals (0000, 0600,
1200, and 1800 UTC). The spatial resolution is T255, corresponding to approximately 79 km, with 60 vertical
levels to 0.1 hPa. A detailed description of ERA‐Interim is given in Dee et al. (2011).

The ERA‐Interim data were used to plot normalized anomalies of mean sea level pressure (MSLP), tempera-
ture, and vertically integrated equatorward heat flux, derived from the monthly mean values. To calculate the
normalized anomalies, we subtracted, for a given variable, themonthly climatologicalmean from themonthly
means in 2017, and we divided that by the standard deviation of the climatology. The monthly climatology in
our case was created from the 1979–2017 ERA‐Interim monthly data set. We also used the daily ERA‐Interim
MSLP and geopotential heights at 500 hPa data to calculate the ZW3 Index based on Raphael (2004) at the
three ridges: latitude 45°S and longitudes 79.5°E, 32.25°W, and 139.5°W, for 2017, 2016 (daily for the whole
year) and for July‐August‐September (JAS) months across the full record 1980–2017. The index has both posi-
tive and negative phases, where a positive index indicates more meridional flow (larger amplitude ZW3) and
a negative index indicates more zonally oriented flow (smaller amplitude ZW3; Raphael, 2004, 2007).

To investigate in detail the atmospheric dynamics that triggered the opening of the polynya, we used the
ERA 5 reanalysis (Hersbach & Dee, 2016) for their higher temporal and spatial resolution (hourly at approxi-
mately 31 km with 137 levels to 0.01 hPa). ERA5 also has a more recent model and data assimilation system.
At the time of this study, these data are only available from 1 January 2008 to present, so these cannot yet be
used for climatological studies.

Furthermore, a measure for the potential development and intensification of low‐pressure systems has been
proposed by Eady (1949). The Eady model describes the growth of midlatitude eddies, and the maximum
Eddy Growth Rate comprises a combination of vertical stability and vertical wind shear and describes
how well deep pressure systems can develop in a synoptic situation over a specific area (e.g., Lindzen &
Farrell, 1980). The Eady growth rate is given by

σE ¼ 0:3098 fj j
δU zð Þ
δz

�
�
�

�
�
�

N

where f is the Coriolis parameter, N is the Brunt Väisällä frequency, U is the horizontal wind speed,
and z is the vertical height. The Eady growth rate, with units of per day, is a measure of the
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instability of the atmosphere to baroclinic disturbances. In our analysis we used the atmospheric layer
between 850 and 500 hPa.

2.2. Satellite Data

SICs were obtained from the National Oceanic and Atmospheric Administration/National Snow and Ice
Data Center Climate Data Record (CDR) of Passive Microwave Sea Ice Concentration, Version 3 (Meier,
Fetterer, Savoie, et al., 2017; Meier, Fetterer, & Windnagel, 2017) and its near‐real‐time version (Meier,
Fetterer, Savoie, et al., 2017; Meier, Fetterer, & Windnagel, 2017). The near‐real‐time CDR is designed to fill
the temporal gap between updates of the final CDR. These data are on the National Snow and Ice Data
Center polar stereographic grid with nominal 25 × 25‐km grid cells at both daily and monthly temporal reso-
lutions. These products comprise data from the NASA Team algorithm (Cavalieri & Parkinson, 2008) and
the Bootstrap algorithm (Comiso, 1986), as well as a merged data set. The bootstrap algorithm performs
better than the NASA Team algorithm around Antarctica, but the Bootstrap algorithm potentially underes-
timates the concentration of sea ice in the presence of thin ice (Comiso et al., 1997), so we used the merged
product, which should be more accurate in our region of interest. The 15% contour in the SIC was used to
determine the sea ice extent and to delineate the polynya. For the information on the vertical structure
and composition of the atmosphere above the polynya area, we used the Cloud‐Aerosol Lidar and
Infrared Pathfinder Satellite Observation (CALIPSO; Cuesta et al., 2009; Winker et al., 2003).

To check the motion in the sea ice field around the polynya area, we used the low‐resolution sea ice drift
product of the EUMETSAT Ocean and Sea Ice Satellite Application Facility (www.osi‐saf.org). This is a
2‐day (48‐hr) gridded ice drift data set processed on a daily basis and made available on a 62.5‐km Polar
Stereographic Grid (e.g., Kwok et al., 2013, 2017). Ice motion vectors are estimated by an advanced cross‐
correlation method on pairs of satellite images (Lavergne et al., 2010). We used the multi‐sensor spatial cover-
ing product that combines the Special SensorMicrowave Imager/Sounder (SSMIS, 91GHzH&V pol.) on board
the Defense Meteorological Satellite Program (DMSP) platform F17, the Advanced SCATterometer (ASCAT,
C‐band backscatter) on board The European Organisation for the Exploitation of Meteorological Satellites
(EUMETSAT) platform Metop‐A, and the Advanced Microwave Scanning Radiometer 2 (AMSR2) on board
the Japan Aerospace Exploration Agency (JAXA) platform GCOM‐W. Due to atmospheric noise and surface
melting, these data are only available for the Southern Hemisphere winter (1 April to 31 October).

3. General Atmospheric Conditions During Austral Winter 2017

The MSLP field in the high southern latitudes is dominated by the circumpolar trough across 60–70° S.
Within this band there are three climatological low pressure centers located close to 20°E, 90°E, and 150°W
(e.g., Turner et al., 2002). The location and depth of the three surface lows has a strong influence on the
climatic conditions in the Antarctica coastal region.

During austral winter (JAS) 2017, the synoptic conditions exhibited an amplified ZW3 pattern. The broad
scale MSLP anomaly pattern shown in Figure 2a indicates that for JAS 2017 there was below average
pressure around much of the Antarctic continent and above average pressure to the north. The amplified
wave number 3 pattern can be identified by its three trough/ridge systems associated with high MSLP
anomalies located over the three sectors: South Atlantic, South Pacific, and Southeast Australia
(Figure 2a). The most pronounced trough/ridge system was between 90°W and 0°E where MSLP anomalies
exceeded one standard deviation from the mean over large areas with the strongest ridge seen over the
Southwest Atlantic Ocean and troughing over the Antarctic Peninsula and the surrounding seas (Figure 2a).

Normalized anomalies of 2‐m temperature over the JAS 2017 period are shown in Figure 2b. Anomalous
warm air masses appear to be associated with the high pressure anomalies areas discussed earlier and the
same wave 3 pattern can be seen in the temperature field as well (Figure 2b). Temperature anomalies
exceeded two standard deviations from the mean, particularly in the South Atlantic and the South Pacific
sectors. The amplified ZW3 circulation resulted in strong zonal temperature gradients at the boundary
between meridional warm and cold air masses (to the west of the Antarctic Peninsula and at 0°E, e.g.,
Figure 2b). Such frontal areas between two different air masses with strong temperature gradients are
known to favor baroclinic instability, wind shear, and therefore cyclogenesis (e.g., Yanase & Niino, 2007).
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The amplification of the ZW3 is associated with more meridionality in the otherwise zonal flow manifested
through the deeper troughs and higher ridges of the ZW3, with northerly and southerly flows along each side
(e.g., Schlosser et al., 2018). Such conditions result in poleward transport of warm air and equatorward trans-
port of cold air. In Figure 2c, the normalized anomalies of the vertically integrated equatorward heat flux
from ERA‐Interim are displayed. Positive values suggest equatorward transport of cold air, and negative
values show poleward transport of warm air toward Antarctica. The pattern in the heat flux is consistent
with the spatial temperature distribution around Antarctica discussed in Figure 2b. A strong signal in the
vertically integrated meridional heat flux is seen off the west coast of South America where anomalies
exceeded two standard deviations from the mean suggesting a significant warm air transport toward the
Antarctic Peninsula over the JAS period (Figure 2c). The transport of air masses from and toward
Antarctica are consistent with the disposition of high and lows seen in the MSLP anomalies field (Figure 2a).

Figure 2d shows the normalized anomalies of SIC for the same period. Less than average SICs are seen in areas
where enhanced poleward transport of warm air is occurring except over the Lazarev Sea where strongly
negative anomalies occurred under conditions of equatorward transport of cold air (Figures 2b–2d) inferring
a dynamical impact of the circulation on the sea ice field in this area rather than thermodynamically driven
one (i.e., direct ice melt as in the other sectors). This result is in phase with earlier findings by Raphael and
Hobbs (2014). We note also that in the Weddell Sea sector, where strong transport of warm air is occurring

Figure 2. Normalized anomalies for the period July‐August‐September (JAS) 2017 of European Centre for Medium‐Range Weather Forecasts Interim
Reanalyses of mean sea level pressure (a), 2‐m temperature (b), vertical integral of meridional heat flux (c), and sea ice concentration anomalies for JAS
2017 from AMSR2 (d). Black dots are regions where the normalized anomalies are larger than one standard deviation from the mean, and black squares are
regions where the normalized anomalies are larger than two standard deviations from the mean. The orange dots in (a) are the three locations that
Raphael (2004) used for the ZW3 index calculation; the gray dots in (a) are the three locations that we used to calculate the ZW3 corresponding to the position
of the three pressure ridges during JAS 2017. The red arrow in (c) represents the poleward transport of warm air, and the blue one represents the equatorward
transport of cold air.
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(i.e., Figures 2b and 2c), the SIC anomalies do not exhibit remarkable changes in contrast to the Ross Sea and
Indian Ocean sectors where negative anomalies exceeded two standard deviations from the mean in the areas
under the influence of warm air masses. The excess in warmth and energy in the Weddell Sea sector seems to
be the result of the formation of frequent and strong cyclones that propagate poleward and then eastward
favored by orographic blocking, as will be discussed in the following section.

The MSLP, temperature, and meridional heat advection shown in Figure 2 all have a clear signal of ZW3
pattern. Given these patterns, we examine the ZW3 index calculated from daily geopotential height at 500
hPa based on Raphael (2004) at the three ridges (latitude 45°S and longitudes 79.5°E, 32.25°W, and
139.5°W) for which the position is shown by gray dots in Figure 2a. The ZW3 index was calculated for the
whole year in 2017 and 2016 and only for JAS months for the full record 1980–2017. The results are shown in
Figure 3. The year 2016 is shown to put 2017 into perspective. In 2017, the ZW3 index was almost continuously
positive over a longer time period compared to 2016 which in turn exhibited positive ZW3 index compared to
previous years (e.g., Schlosser et al., 2018). Continuous positive ZW3 index was predominant in 2017 from
June to October. Figure 3c shows the ZW3 index for the JAS period over the full record. The ZW3 index for
JAS 2017 is the most positive of all years. The persistent positive ZW3 index during winter months in recent
years (i.e., 2015 and 2014) and even more pronounced one in 2017, indicates that the sea ice may have
preconditioned for polynya occurrence by favorable meridional heat flux transport conditions for ice melt
and thinning during previous years (e.g., Clem et al., 2017; Raphael, 2007; Schlosser et al., 2018).

The synoptic situation in winter 2017 was unique and has not occurred in previous winters, for instance,
in 2015, when the ZW3 index was only slightly lower than in 2017 (Figure 3c). MSLP anomalies for winter
2015 (Figure 3d) and winter 2016 (not shown) do not exhibit strong ZW3 pattern as discussed for winter 2017
earlier. This indicates that the meridional transport of heat was exceptional in winter 2017 when the
polynya occurred.

Figure 3. ZW3 index calculated from daily geopotential height at 500 hPa based on Raphael (2004) at the three ridges (latitude 45°S and longitudes 79.5°E,
32.25°W, and 139.5°W, gray dots in Figure 2a) for 2017 (a), 2016 (b), and for July‐August‐September months only for the full record 1980–2017 (c). Normalized
anomalies for the period July‐August‐September (JAS) 2015 of European Centre for Medium‐Range Weather Forecasts Interim Reanalyses of mean sea
level pressure (d).
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After addressing the general atmospheric conditions during the winter season, we now focus on the month
of September 2017 during which the polynya first occurred. Figure 4a shows the normalized anomalies of
MSLP for the month of September 2017. The ZW3 pattern stands out clearly in the anomalies field with
the most pronounced trough/ridge over the Antarctic Peninsula and its surrounding seas and the South
Atlantic, respectively. In this sector, both negative and positive normalized anomalies exceeded two
standard deviations from the mean implying extremely anomalous conditions relative to the climatology.
The strong ridge associated with the ZW3 pattern is located further south than usual and can favor a block-
ing situation over the Lazarev Sea associated with the high pressure area to the north of it (Figure 4a). The
vertical integral of meridional heat flux shown in Figure 4b for the month of September 2017 indicates a
significant transport of heat from South America and the eastern side of the South Atlantic Ocean toward
the Antarctic Peninsula and the Weddell Sea, whereas equatorward transport of cold air masses was
observed to occur over the Lazarev Sea (Figure 4b). Examining the Eady growth rate between 500 and 850
hPa (Figure 4c), a patch of high rates (1 to 1.25 per day) appears over the southwest Atlantic stretching
toward the Weddell Sea, to the west of 0°. These results suggest an environment favorable for cyclogenesis
and potential for development of cyclones over this area which is located over the ice‐pack, south of the
ice edge (Figure 4d).

Figure 4. European Centre for Medium‐Range Weather Forecasts Interim Reanalyses for the month of September 2017 of (a) normalized anomaly of mean sea
level pressure, (b) monthly mean of vertically integrated meridional heat fluxes (positive equatorward, negative poleward) for the month of September 2017,
and (c) Eady growth rate between 500 and 850 hPa calculated from hourly values averaged over the period 13 and 17 September 2017. (d) Monthly mean of
temperature at 925 hPa. Black dots in the anomaly fields are regions where the normalized anomalies are larger than one standard deviation from the mean, and
black squares are regions where the normalized anomalies are larger than two standard deviations from the mean. The purple line in (d) represents the monthly
mean sea ice extent for September 2017 from AMSR2 3.125‐km sea ice concentrations.
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In 2017, the SAM index was strongly positive as well as for the JAS 2017 (0.42 for September 2017, not
shown), in favor of the strengthening of circumpolar westerlies and more cyclogenesis over Antarctic
Peninsula (e.g., Lubin et al., 2008; Swart et al., 2018). This was calculated using the method by Marshall
(2003), where a large (small) meridional pressure gradient means a positive (negative) SAM index and,
correspondingly strong (weak) westerlies. It is known that the frequency of polar cyclones in the
Antarctic Peninsula region (including the Weddell Sea) is correlated with the (SAM) index, most strongly
during winter and spring (Lubin et al., 2008) and that during periods of positive SAM index, more cyclogen-
esis over the West Antarctica Peninsula is found.

Because of the pronounced ZW3‐like situation in the Weddell Sea, the meridional temperature gradient,
which is usually located near the ice edge, is seen to occur south of the ice edge over the ice pack in the
Weddell Sea during the month of September 2017 (Figure 4d). This means that the atmospheric dynamics
and forcings, such as deep cyclones, which normally occur near the ice edge, can now occur over the ice pack
and impact the sea ice field. A strong zonal temperature gradient is seen at the boundary between warm and
cold air masses near 0° (Figures 4b and 4d), and it persists throughout the month. This frontal zone
associated with high baroclinic instability favors the occurrence and the maintenance of intense cyclones
(e.g., Reed, 1979; Reed & Duncan, 1987; Schemm & Sprenger, 2015) that could exert dynamical forcing on
the ice pack and open the polynya as will be shown in the following section.

In summary, the atmospheric conditions in 2017, associated with a strongly positive SAM index and an
amplified atmospheric ZW3 characterized by strong meridional transport of heat, are thought to impact
the sea ice conditions in several ways: (1) the enhancement of strong zonal temperature gradients between
the different sectors leading to baroclinic instability that generates dynamically strong storms which in turn
impacts the sea ice dynamics; (2) the formation of intense and frequent storms that are able to reach further
south and penetrate deeper over the ice pack; and (3) the shift of the horizontal temperature gradient (and
the cyclones that form across it) south of the ice edge in the Weddell Sea, which makes it possible for
cyclones to form over the ice pack and force the sea ice conditions.

4. Atmospheric Dynamics Leading to the Opening of the Polynya

After having investigated the large‐scale general atmospheric conditions during JAS 2017 with focus on
September 2017 in the previous section, we now consider the local atmospheric dynamics that preceded
and accompanied the opening of the polynya on 13–16 September.

The Weddell Sea can be seen as an active cyclogenesis zone during this period as a result of the intrusion of
warm and moist air masses in combination with orographic blocking along the Antarctic Peninsula. Several
cyclones can be seen forming at the same time (Figure 5a), deepening as they propagate eastward and
spinning over the Lazarev Sea with surface‐cyclonic winds exceeding 25 m/s (Figures 5b and 5c). For
comparison, katabatic winds at the origin of the coastal polynyas, are associated with wind speeds of
10 m/s on average (e.g., Nihashi & Ohshima, 2015). On 13 September, an intense cyclone comparable to a
category 11 storm (violent storm) in the Beaufort scale, associated with a center of low pressure deeper than
950 hPa (Figure 5a) entered the Lazarev Sea from the west and was blocked over 65–70°S/0–5°E for more
than 12 hr by the ridge located to the northeast of the low that was emanating from the South Atlantic
intense high (pressure exceeded 1,030 hPa) centered at 30°S/15°W (Figure 5a). The cyclone was associated
with extremely strong surface winds exceeding 24 m/s and reaching in some areas 30 m/s (Figure 5b).
The SICs before the arrival of the cyclone on 13 September were between 60% and 80% over the Maud
Rise (Figure 5b), an area known for its thin and less concentrated ice due to the bathymetry of the seafloor
and associated water dynamics (e.g., Dufour et al., 2017; Holland, 2001; Kurtakoti et al., 2018). The cyclone
remained stationary over the Maud Rise area and its associated center at 66°S for almost 12 hr and strong
cyclonic winds were able to exert dynamical forcing on the ice for a significant period of time leading to
an open‐water area on 14 September (Figure 5c). Sea ice drift data from 12 to 14 September 2017 derived
from satellite observations are shown in Figure 5d. The sea ice north of 66°S is seen to drift to the east at
speeds exceeding 60 km over 48 hr on average (Figure 5d), whereas the sea ice south of 66°S is seen to drift
to the west with average speeds of 40 km per 48 hr (Figure 5d). As a consequence of the divergence in the
horizontal motion of the ice induced by the cyclonic winds, an ice‐free area appeared in the SIC field
(Figure 5c). The polynya opened over the Maud Rise immediately after the center of the cyclone had
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moved further east (Figure 5c). The cyclone‐induced strong winds of about 20 m/s were still observed over
the polynya on 14 September (Figure 5d) to the left of the cyclone center, leading to a larger polynya the
following days (not shown). Strong winds associated with the cyclone continued to redistribute the ice in
a divergent motion around the polynya over the following days (not shown), which led to an even larger
region of open water (i.e., Figure 6d).

The cyclonic nature of the winds is crucial to trigger the opening of a midsea polynya by creating divergence
in the sea ice field. A conceptual sketch summarizing the action that cyclonic winds exert on the sea ice drift
is displayed in Figure 5e. Leppäranta (2011) summarized the scientific knowledge on the drift of sea ice
under the influence of both the atmospheric and the oceanic layers. He confirmed findings by previous

Figure 5. ERA 5 reanalyses of mean sea level pressure and wind direction at 925 hPa in streamlines on 13 September 2017 at 0300 UTC (a). AMSR2‐derived sea ice
concentrations on 13 September 2017 at 1800 UTC (b) and on 14 September 2017 at 0000 UTC (c). (d) Satellite‐derived sea ice drift speed (shaded colors) and
direction (vectors). (e) Sketch summarizing the mechanisms by which the cyclone opens the polynya. In (b) and (c) the black contours are ERA5 10‐m winds less
than 20 m/s, the red contours are ERA5 10‐m winds 20 m/s and greater, the solid yellow contour is the 15% ERA‐Interim sea ice contour, the dotted yellow
contour is the 50% ERA‐Interim sea ice contour, and the dashed white contour is the 15% ice from satellite data. ERA = European Centre for Medium‐Range
Weather Forecasts Re‐Analysis.
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studies where the direction of the ice drift is turned 30° on average to the left of the atmospheric flow
(Kottmeier et al., 1992; Kottmeier & Sellmann, 1996; Leppäranta, 2011; Nansen, 1902) and the velocity of
the ice drift amounts to 1–2% of the surface wind speed (e.g., Kottmeier et al., 1992; Leppäranta, 2011).
Those results, when applied to a cyclonic winds situation (i.e., two opposing winds around a center),
imply divergence in the motion of sea ice leading to open water area theoretically colocated within the
cyclone center (Figure 5e).

The same prevailing conditions described earlier continued to affect the Weddell and Lazarev Seas during
the following few days. A large and deep low (pressure less than 950 hPa at its center at 70°S/35°W) is seen
to extend along the coast of the Weddell Sea on 16 September 2017 covering an area encompassing more
than 40° in longitude and 15° in latitude (Figure 6a). A trough emanating from this low was seen to develop
over the Lazarev Sea stretching as far east as 15°E. This deep trough developed later into a strong cyclone
over the polynya area (Figure 6b). On both sides of the trough, strong surface winds exceeding 20 m/s can
be seen resulting in strong convergence associated with nearly 0 m/s winds along the trough (Figure 6c).
When the trough reached the Maud rise area, the polynya had already been opened by the cyclone on 13
September, but after the passage of the trough and associated winds the polynya was seen to increase in size
(Figure 6d) under the effect of dynamical forcing by the strong surface winds. It is interesting to note that the
shape of the polynya (Figure 6d) is aligned with the shape of the pressure low (Figure 6b), inferring the direct
role of the strong opposing winds on both sides of the low in triggering the opening of the polynya, as also
illustrated in Figure 5e.

Strong winds associated with the cyclone that developed from the deep trough on 17 September continued to
redistribute the ice field. Strong divergence pushing the ice away from the polynya area led to an increased
region of open water in the following days (not shown), which was then maintained open throughout the
winter months by ocean dynamics.

Based on this analysis we conclude that the divergence in the sea ice field induced by cyclonic winds
occurring over the Maud Rise—a preconditioned area in terms of SIC and ocean dynamics—led to the
opening and the enlargement of the Maud Rise polynya in mid‐September 2017.

Figure 6. ERA 5 reanalyses of MSLP and wind direction at 925 hPa in streamlines on 16 September 2017 at 1400 UTC (a) and on 17 September 2017 at 0000 UTC
(b). AMSR2‐derived sea ice concentrations on 16 September 2017 at 1400 UTC (c) and on 17 September 2017 at 0000 UTC (d). In (c) and (d) the black
contours are ERA5 10‐mwinds less than 20 m/s, the red contours are ERA5 10‐mwinds 20 m/s and greater, the solid yellow contour is the 15% ERA‐Interim sea ice
contour, the dotted yellow contour is the 50% ERA‐Interim sea ice contour, and the dashed white contour is the 15% ice from satellite data delineating the
polynya area. The yellow line in (c) shows the Cloud‐Aerosol Lidar and Infrared Pathfinder Satellite Observation track on 16 September 2017 at 1400 UTC.
ERA = European Centre for Medium‐Range Weather Forecasts Re‐Analysis.
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5. Characteristics of the Atmosphere Above the Polynya

The CALIPSO satellite passed over the polynya area on 16 September 2017 at 1400 UTC crossing directly
over the convergence zone and the freshly opened polynya (yellow line in Figure 6c). Observations of the
composition of the atmosphere above the polynya area by backscatter reflectivity revealed the presence of
two layers associated with high reflectivity (Figure 7a) and composed mainly of ice (Figure 7b). The first
layer is located between the surface and 700 m in altitude and stretches over 60–65°S, just above the polynya
(Figure 6c and 7a). It is composed of ice crystals associated with moderated aerosol optical depth (AOD)
values below 1 (Figure 8a). The fragments of ice in this layer are bigger in size than the two wavelengths
532 and 1,064 nm since their AOD does not vary with wavelength (Figures 8b and 8c). From the depolariza-
tion ratio (15% to 25%, Figure 8d), we conclude that the ice fragments in this layer are not uniform in shape,
moderate depolarization ratio being associated with irregularly shaped ice crystals (e.g., Hu, 2007). The ice
fragments in this layer are thought to be fragments of snow that have been uplifted into the atmosphere by
strong turbulent winds associated with the violent storm described in the previous section. This process
needs to be investigated further by means of modeling and observations.

The second layer of enhanced reflectivity is located between 4 and 12 km in altitude and stretches over
64–70°S (Figure 7a). It was found that this layer is also composed of ice (Figure 7b) and associated withmuch
larger AOD values (4 to 5, Figure 8f) than the layer near the surface implying a much denser and optically
thicker ice crystal cloud (Figures 8f and 8g). In this layer, the ice crystals are nonspherical but uniform in
shape being associated with a depolarization ratio higher than 25% (Figure 8 h), which is in agreement with
the shape in form of short sticks of ice crystals found in tropospheric clouds (e.g., Bromwich et al., 2012). This
layer most probably resulted from the formation of ice crystals due of the strong updrafts over the polynya
area. A vertical cross‐section of ERA5 wind speeds along 5°E shows that two cores of strong opposing‐winds
of about 30 m/s were present on each side of the trough at 65°S (Figure 7c). Strong vertical updraft resulting
from the horizontal convergence of two opposing flows is evident in the vertical cross section of winds along
5°E where weak horizontal winds reaching 0 m/s can be seen at the location of the convergence line along

Figure 7. Cloud‐Aerosol Lidar and Infrared Pathfinder Satellite Observation observations on 16 September 2017 along the yellow line in Figure 6c of backscatter
coefficient (a) and ice/water phase (b). (c) Vertical cross section at 5°E of ERA5 vertical wind speed in colors. The dotted black line shows the latitude of the polynya.
The gray contours represent the horizontal wind speed along the cross section every 5 m/s. The dotted contours show the southeasterly winds, and the filled
contours show the northwesterlies. CALIOCloud‐Aerosol Lidar with Orthogonal Polarization.
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the trough and over the polynya (Figure 7c), inferring the extreme dynamical forcing endured by the sea ice
at the convergence zone of these two opposing surface winds.

Based on these observations, the two clouds of ice crystals observed over the polynya area do not seem to
have the same origin. The cloud near the surface is most probably the result of snow uplift from the surface
by turbulent winds, whereas the upper‐level cloud was formed as a result of strong updrafts at the

Figure 8. Properties of clouds derived from Cloud‐Aerosol Lidar and Infrared Pathfinder Satellite Observation lidar
measurements on 16 September 2017 at 1434 UTC at 60–64°S: (a) Transect of vertical profiles of attenuated backscatter
at 532 nm, (b) effective cloud optical depth (multiplied by a multiple scattering coefficient which typically varies between
0.2 and 0.5 for clouds) derived from the attenuation of the sea surface lidar echo below clouds with respect to cloud
free conditions (measured at 60.5°S), (c) attenuated backscatter color ratio between measurements at 532 and 1,064 nm,
and (d) depolarization ratio at 532 nm. (e–h) The same as (a)–(d), respectively, but for the upper cloud layer located
between 64° and 72°S.
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convergence zone. The processes underlying the cloud formation at and during the opening of the polynya
remain unclear, and more observations are needed for a better characterization.

6. Conclusions

In this study, we show that the opening of the Maud Rise polynya was triggered by anomalous atmospheric
circulation over the Weddell and Lazarev Seas associated with an anomalously high atmospheric pressure
over the Southwest Atlantic and an anomalously low pressure over the Weddell Sea and Bellingshausen
Seas. These conditions occurred under a positive SAM index and a pronounced ZW3 pattern where the
ZW3 index for winter 2017 was the most positive one on record. The atmospheric anomalies around the
Weddell Sea were part of an Antarctic‐wide amplification of the mean wave number 3 pattern, resulting
in more intrusions of midlatitude warm air into the continent. This resulted in a strong meridional transport
of warm and moist air masses toward the Weddell Sea associated with strong and frequent cyclones along
the coast due to orographic blocking. The consecutive cyclones and their associated fronts, turbulent and
cyclonic surface winds, exerted dynamical forcing on the sea ice in the Lazarev Sea as they propagated
eastward. Our analysis shows that the opening of the polynya first occurred on 13 September when a strong
cyclone spanned the Lazarev Sea, remained stationary for 12 hr as a result of the blocking ridge to the
northeast, and was associated with cyclonic winds at the surface exceeding 25 m/s at either side of the
cyclone center. The cyclone‐induced winds caused divergence in the ice motion, leading to an ice‐free area
over the Maud Rise. The size of the polynya increased 3 days after its opening as a result of the passage of a
deep trough that also developed into a strong cyclone. The polynya was located underneath a convergence
zone (characterized by almost nonexistent winds, less than 2 m/s) between two opposing strong winds
exceeding 22 m/s at either side of the trough. The strong convergence led to the formation of ice crystal
clouds in the atmosphere between 4 and 12 km. The layer of ice above the polynya along the convergence
zone was seen in CALIPSO satellite observations. The strongest surface winds are seen near the edges of
the polynya where they impose strong stress on the sea ice in divergent directions leading to a rapid growth
of the ice‐free area in the middle of the ice pack. The dynamical removal of the sea ice from this region just
before the ice melt, when the ocean surface density stratification is weak, may have triggered strong positive
feedbacks (Gordon, 1991) that led to a larger polynya during the spring months.

Despite the fact that the ocean circulation around theMaud Rise acts as a permanent preconditioning for the
occurrence of the Maud Rise polynya, the polynya does not occur often. Our results show that for the
opening to occur, polar cyclones and their associated strong cyclonic winds near the surface can be the trig-
ger through ice divergence caused by cyclonic winds.

This study demonstrates that strong winds can open midsea polynyas in the same way they open coastal
polynyas, providing they are cyclonic or opposed in direction along a convergence zone in order to create
divergence in the ice field in the middle of the ice pack, the ice being dragged 30° in average to the left of
the wind flow. For comparison, the katabatic winds that open coastal polynyas are associated with wind
speeds of 10 m/s on average. Cyclonic winds over the Lazarev Sea exceeded 24 m/s. The occurrence of such
strong cyclones over the ice pack, south of the ice edge, occurred under a ZW3‐like atmospheric circulation.
The meridional transport of heat to the Weddell Sea pushed the atmospheric meridional temperature gradi-
ent poleward and resulted in a temperature gradient and associated instability over the ice pack to the south
of the ice edge, whereas usually it is located near to it. Under such situations, the severe atmospheric condi-
tions, particularly storms, which usually occur near the ice edge and impact the ice drift and dynamics, occur
now over the ice pack. The resulting configuration of alternating cold and warm air masses enhanced the
zonal temperature gradient and generated baroclinic instability at the frontal areas between cold and warm
air flows favoring the maintenance of intense cyclones over time and distance.

In a similar way to the formation of coastal polynyas, which are a result of strong katabatic winds that push
the ice away from the coast, we demonstrated here that open‐ocean polynyas can also be atmospheric
driven and their initial opening results from strong cyclonic winds that create divergence in the ice field.
Our results showed that atmospheric forcing on sea ice, induced by cyclonic winds were critical to trigger
the opening of the polynya, but it is most probable that ocean convection and dynamics have played
important role in maintaining the polynya open throughout the winter months and influence its lifetime
and size variation.
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These results are in agreement with those found for the occurrence of the Cosmonaut polynya in the
Cosmonaut Sea in Antarctica. Bailey et al. (2004) examined the conditions for the occurrence of the mid‐
ocean polynya in the Cosmonaut Sea by means of modeling. In their experiments, a polynya was simulated
in the open ocean, away from the coast. They found that the formation of this polynya cannot be achieved by
oceanic forcing alone. The simulation only produced a polynya when the sea ice was advected out of the
region by atmospheric forcing. This is in line with the findings by Arbetter et al. (2004) who established a
climatology of the occurrence of the Cosmonaut polynya and its link to atmospheric conditions by mean
of reanalysis and satellite observations. They found that, along with the drop in sea ice area, there is a drop
in sea level pressure as well as an increase in atmospheric wind divergence when the Cosmonaut Sea
polynya is present and that in some months, the sea ice area decrease is preceded by the passage of an
atmospheric low pressure system 1–2 days earlier.

The ice‐free area tends to occur at the frontal region between two opposing flows in the vicinity of their
convergence zone. Such particular conditions are favored by frequent and intense cyclones crossing over
the ice pack and by strong temperature gradients and frontogenesis. Both situations are fostered by an
enhanced meridional heat transport. Our results show that the atmospheric conditions in 2017, associated
with an amplified atmospheric ZW3 and characterized by strong meridional transport of heat, impacted
the sea ice conditions in several ways: (1) the enhancement of strong zonal temperature gradients between
the different sectors, leading to baroclinic instability that generates dynamically strong storms, which in turn
impacts the sea ice dynamics; (2) the occurrence of intense and frequent storms that are able to reach further
south and penetrate deeper over the ice pack; and (3) the shift of the horizontal temperature gradient (and
the cyclones that form across it) south of the ice edge in the Weddell Sea, enabling cyclones to form over the
ice pack and force the sea ice conditions.

The intensification of the activity of polar cyclones is linked to the poleward shift of the extratropical storm
track, and this link is pronounced under future warming climate conditions (e.g., Fyfe, 2003). Furthermore,
a poleward shift of the cyclone activity results in a reduced sea ice extent (e.g., Pezza et al., 2008; Simmonds &
Wu, 1993), a situation similar to the one observed in 2016 and 2017 (e.g., Schlosser et al., 2018). When the sea
ice extent is reduced, preferable polynya areas located in the ice pack (i.e., the Maud Rise) become closer to
the ice edge and hence to the cyclogenesis zone. Given the link between polynya occurrence and cyclones we
demonstrate in this study, it remains to be seen how polynya frequency evolves in the future given the
changes predicted in the SAM, in the storm track, and in the sea ice extent. Finally, the link between the
frequency of polynyas and the ZW3 pattern is to be addressed in future work.
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