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Abstract

Strong offshore wind events (SOWEs) occur frequently near the Antarctic coast during austral winter. These wind events
are typically associated with passage of synoptic- or meso-scale cyclones, which interact with the katabatic wind field and
affect sea ice and oceanic processes in coastal polynyas. Based on numerical simulations from the coupled Finite Element
Sea-ice Ocean Model (FESOM) driven by the CORE-II forcing, two coastal polynyas along the East Antarctica coast—the
Prydz Bay Polynya and the Shackleton Polynya are selected to examine the response of sea ice and oceanic properties to
SOWE:s. In these polynyas, the southern or western flanks of cyclones play a crucial role in increasing the offshore winds
depending on the local topography. Case studies for both polynyas show that during SOWEs, when the wind speed is 2-3
times higher than normal values, the offshore component of sea ice velocity can increase by 3—4 times. Sea ice concentra-
tion can decrease by 20-40%, and sea ice production can increase up to two to four folds. SOWEs increase surface salinity
variability and mixed layer depth, and such effects may persist for 5—-10 days. Formation of high salinity shelf water (HSSW)
is detected in the coastal regions from surface to 800 m after 10—15 days of the SOWEs, while the HSSW features in deep
layers exhibit weak response on the synoptic time scale. HSSW formation averaged over winter is notably greater in years
with longer duration of SOWE:s.
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1 Introduction

Around the Antarctic continent, areas with no or little sea
ice cover along the coastlines can be observed even dur-
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Numerical studies indicate that the air-sea heat fluxes
and sea ice production within the coastal polynyas signifi-
cantly increase with the strength of katabatic winds (Petrelli
et al. 2008; Stossel et al. 2011; Zhang et al. 2015). Mathiot
et al. (2010) illustrated that when the katabatic wind speed
increases by 15%, the sea ice freezing rate increases by
42%, and the HSSW output increases by 60%. Barthélemy
et al. (2012) employed a bias correction for katabatic winds,
which compensated for the underestimation of these winds
in coarse-resolution global coupled climate model, and such
correction enhanced the ice production along the Antarctic
coast by up to 50% and the AABW production by up to
2.8 Sv. Most of the earlier studies were focused on the role
of wind in Antarctic coastal polynyas on seasonal or longer
time scale. However, the coastal winds of Antarctica are
actually characterized by high-frequency wind events that
are often associated with the passage of synoptic- and meso-
scale cyclones (Turner et al. 2009; Weber et al. 2016), and
the offshore winds could either be enhanced or weakened
during these events depending on the relative location of
the coast and the cyclones. We argue that these wind events
significantly impact the sea-ice formation and oceanic prop-
erties of Antarctic coastal polynyas.

Some recent studies focus on the influence of synoptic-
scale wind forcing on sea ice properties in Antarctic coastal
polynyas based on satellite observations. Dale et al. (2017)
found that sea ice concentration and sea ice motion derived
from satellite SSM/I brightness temperatures had large
anomalies during a strong wind event in the Ross Sea pol-
ynya and strong negative correlations were found between
sea ice concentration and wind speed. Cheng et al. (2019)
estimated the sea ice production from passive microwave sea
ice concentration images based on a thermodynamic model
and illustrated that about 68% variation of sea ice produc-
tion is associated with the wind variation. Studies based on
satellite data provide important insights into the response of
polynyas to changes in atmospheric forcing, but they also
have a few limitations. First, the response of oceanic pro-
cesses, including convection and the formation of HSSW
that directly impact the thermohaline circulation cannot be
revealed. Second, in terms of the sea-ice properties, the ice
production rate is normally estimated by a combination of
satellite-retrieved ice thickness and heat fluxes between the
atmosphere and sea ice (Nihashi and Ohshima 2015; Tamura
et al. 2016), while sea-ice-ocean heat fluxes are ignored.
Haid and Timmermann (2013) concluded that the oceanic
heat flux is a non-negligible component of surface heat
budget especially at high latitudes, and about 10-20% of
the atmospheric heat flux was compensated by the oceanic
heat content in sea ice production process. In addition, due
to the surrounding sea ice cover and severe wind conditions,
very few in-situ measurements can be conducted in Antarctic
coastal polynyas in austral winter when HSSW is mainly
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produced. In such a situation, ocean-sea-ice models com-
bined with observations become an indispensable method
to investigate the response of sea ice and oceanic processes
in Antarctic polynya areas to atmospheric forcing.

In this study, a global eddy-resolving ocean-sea-ice model
based on the Finite Element Sea-ice Ocean Model (FESOM)
is employed to investigate the impacts of strong offshore
wind events (SOWEs) on sea ice and water mass formation
in two Antarctic coastal polynyas. The main objective of
this study is to quantify the sea ice and ocean variability in
the polynyas associated with the SOWEs; the response time
of different variables is also investigated. The manuscript is
organized as follows. Section 2 provides information on the
observational data, the numerical model, the model valida-
tion results and the analysis methods. Section 3 presents the
impacts of SOWEs on the variations of various sea ice and
oceanic variables. Discussions on the relationship between
sea ice properties and SOWEs and between the HSSW char-
acteristics and SOWEs are given in Sect. 4. Section 5 pro-
vides the summary and conclusions.

2 Data and methods
2.1 Model data description

This study utilizes numerical simulations from the global
FESOM model version 1.4 (Wang et al. 2014), which com-
bines a hydrostatic primitive-equation ocean model with a
dynamic-thermodynamic sea-ice component based on an
elastic-viscous-plastic (EVP) solver following Hunke and
Dukowicz (1997) and Danilov et al. (2015). The model
applies sea surface salinity (SSS) restoring in order to main-
tain the stability of the finite element calculation (Griffies
et al. 2009) and to prevent the model simulation drifting
towards unrealistic conditions. This model has varying spa-
tial resolution depending on the local baroclinic Rossby
radius and sea surface height variability for most areas (Sein
et al. 2016). In the Southern Hemisphere, the model resolu-
tion is capped at 7 km along the Antarctic coast. The model
has 47 unevenly spaced vertical levels with increasing layer
thickness from 10 m at the surface to about 500 m in the
deepest layers (Sein et al. 2017). Several bottom topogra-
phy datasets are used in this FESOM version, including the
General Bathymetric Chart of the Oceans (GEBCO), which
provides the bottom topography south of 64°N and the Inter-
national Bathymetric Chart of the Arctic Oceans (IBCAO)
north of 69°N. The topography between 64° N and 69° N
is assembled as a linear combination of these two datasets
(Wang et al. 2014). Furthermore, the one-minute Refined
Topography (Rtopo-1) dataset (Timmermann et al. 2010) is
used to create the ocean bottom topography, surface eleva-
tion of the Antarctic ice sheet/ice shelf system and ice shelf
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grounding line in the ice cavity regions around Antarctica
(Wang et al. 2014). The ocean is initialized with the tem-
perature and salinity fields from the PHC3.0 global ocean
climatology (Steele et al. 2001), and the sea ice model starts
with long-term mean sea ice concentration and thickness
from the final model state in a spin-up simulation from 1948
to 1988. The 6-hourly atmospheric reanalysis data from the
Coordinated Ocean-ice Reference Experiments-Phase 11
(CORE-II) (Large and Yeager 2009), which are derived from
the NCEP/NCAR Reanalysis (Kalnay et al. 1996), are used
to drive the FESOM model; the spatial resolution of CORE-
IT is nominal 1°. The detailed FESOM model configuration
and performance with FESOM-XR mesh can be found
in Sein et al. (2017). The FESOM simulation spans from
1988 to 2008, and the model results are output as 5-day-
average values, which allows us to investigate the response
of Antarctic coastal polynyas to atmospheric events on the
synoptic scale. The 6-hourly CORE-II forcing data are also
processed into 5-day-average values for subsequent analysis.
The 5-day averaged result was located on the last day of the
5-day period.

2.2 Observation data for model validation

In this study, the Bootstrap Sea Ice Concentrations (SIC)
from Nimbus-7 SMMR and DMSP SSM/I-SSMIS (https://
nsidc.org/data/nsidc-0079/versions/3) from the National
Snow and Ice Data Center (NSIDC) (Comiso 2017; Markus
and Cavalieri 2000) are used to validate the simulated sea ice
concentration by FESOM. This dataset is available on a daily
resolution with a horizontal resolution of 25 km by 25 km.

Sea ice production rate (SIP) estimated from the Advanced
Microwave Scanning Radiometer-Earth Observing System
(AMSR-E) product archived at the website (http://wwwod.
lowtem.hokudai.ac.jp/polar-seaflux) is employed to evaluate
the model simulated SIP. SIP is estimated from the AMSR-E
data by the heat flux calculation using a thin-ice-thickness
estimation algorithm and surface atmospheric data, with
an assumption that the contribution of oceanic heat flux to
sea-ice freezing/melting is negligible (Nihashi and Ohshima
2015; Nihashi et al. 2017; Ohshima et al. 2013; Tamura et al.
2016). Wind speed data at 10 m from the CORE-II forcing
are compared with measured 10-m wind speed at Antarctic
research stations near the coastal polynyas that this study is
focused on, including the Zhongshan Station and the Mirny
Station (Fig. 1). The wind speed measurements are available
at the Reference Antarctic Data for Environmental Research
(READER) project website (http://legacy.bas.ac.uk/met/
READER). The measured winds are used along with the
CORE-II forcing to select typical SOWEs.

2.3 Model validation

The performance of the FESOM model in capturing Ant-
arctic coastal polynyas and simulating the ice production
rates at these locations is evaluated by comparing the annual
cumulative SIP from the model simulations with observa-
tions. Following Nihashi and Ohshima (2015), the calcula-
tion of annual cumulative SIP covers the period of March
to October, i.e. the ice freezing seasons around Antarc-
tica. A comparison of the annual cumulative SIP between
the model simulation averaged over 2003-2008 and the
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Fig. 1 Annual cumulative sea ice production rate over the continental shelf of Antarctica from a the FESOM simulation averaged over 2003—

2008 and b the AMSR-E dataset averaged over 2003-2010
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satellite-retrieved data averaged over 2003-2010 available
at the website (http://wwwod.lowtem.hokudai.ac.jp/polar-
seaflux) (Nihashi and Ohshima 2015) is presented in Fig. 1.
It is first noted that the model well captures the locations of
Antarctic coastal polynyas indicated by positive SIP val-
ues in the Ross Sea and along the East Antarctica coast.
Compared to observations, the model overestimates SIP in
the coastal polynyas. Overestimate of SIP compared to the
estimate from satellite datasets is common to the Southern
Ocean ocean-sea-ice models, possibly due to overestimate
of sensible heat flux as a result of lack of coupling with
atmosphere in the models and of the atmospheric forcing
fields having low resolution. In addition, the overly smooth
orography of the atmosphere model that has been used to
produce the low-resolution winds (CORE-II) extends beyond
the actual coastlines; this tends to overestimate the offshore
winds, which in turn enhances SIP in coastal polynyas (Stos-
sel et al. 2011). The simulated annual accumulative SIP from
FESOM is consistent with results from other models used
for studying Antarctic coastal polynyas (Kusahara et al.
2017; Zhang et al. 2015), ranging from 4 to 20 m year™!
depending on the location of the polynya and the distance
from the coast within a specific polynya.

The statistical information of comparisons of 5-day-
average SIC values in austral winter (June—September) aver-
aged over Antarctic coastal polynyas from FESOM and from
the SMMR-SSM/I microwave SIC product are provided in
Table 1. Significant correlations (P < 0.05) between the mod-
eled and observed SIC exist for all major coastal polynyas
along East Antarctica and in the Ross Sea. The negative
coefficient in Cape Darnley Polynya may result from the
lack of data assimilated into the CORE-II product, as there
is no surface research station near this polynya. In this study,
we selected two polynyas characterized by the highest cor-
relations (correlation coefficient R > 0.5 and P <0.0001) to
investigate the impacts of SOWEs on the sea ice and oceanic
processes, that is, the Prydz Bay Polynya including the Davis
and Barrier polynyas in the Prydz Bay (R =0.82) and the
Shackleton Polynya (R =0.64), both of which are located

Table 1 The coefficient of correlation between the simulated and sat-
ellite passive-microwave SIC over June—September from 2005-2008,
the p-value and the root mean square error (RMSE) of modeled SIC
relative to observations

along the coast of East Antarctica (Fig. 1). The root mean
square error (RMSE) of SIC for the Prydz Bay and Shackle-
ton polynyas are 0.15 and 0.28, respectively, and the model
tends to underestimate the SIC values. The underestimation
for the Shackleton Polynya is relatively large, but as this
study is focused on the variation of sea ice properties under
changing winds, the significant and high correlation guar-
antees the ability of the model in capturing such temporal
variability. Meanwhile, the correlation coefficients between
the modeled and AMSR-E based monthly SIP for the Prydz
Bay and Shackleton polynyas are 0.62 (P <0.001) and 0.72
(P<0.0001) respectively (Table 2), suggesting the tempo-
ral variability of SIP can be well simulated by the FESOM
model. The Ross Sea Polynya is also noted by relatively
good correlation between the modeled and observed SIC
(R=0.46), but there is a large positive bias of wind speed in
the CORE-II product against measurements at the McMurdo
Station for the Ross Sea Polynya (not shown), Therefore, this
area is not included in the following analysis. The large posi-
tive wind bias is expected to induce larger underestimate of
SIC relative to the satellite data, while in reality the RMSE
of SIC is smaller than that of the other polynyas. This might
result from an underestimate of the oceanic heat flux into
the surface layer in the model, which causes less melting of
sea ice (thus higher SIC) and compensates for the underes-
timate of SIC caused by unrealistically strong wind in the
CORE-II forcing.

2.4 Methods

In this study, the coastal polynyas are defined as the areas
where the multi-year average sea ice production rate from
June to September is greater than zero based on the FESOM
outputs. For each polynya, we selected 1 year during the
FESOM simulation period that has high correlation between
the wintertime CORE-II wind speed and observed wind
speed and that is featured by a couple of typical SOWEs.
The selected years for the Prydz Bay and Shackleton pol-
ynyas are 1998 and 2006, respectively. The threshold for

Table2 The coefficient of correlation between the simulated and
AMSR-E based SIP over February—November from 2003 to 2006, the
p-value and the root mean square error (RMSE) of modeled SIP rela-
tive to observations

Polynya name Correlation coef- P-value RMSE Polynya name Correlation coef- P-value RMSE
ficient ficient
Prydz Bay 0.82 <0.0001 0.15 Prydz Bay 0.62 <0.001 1.07
Shackleton 0.64 <0.0001 0.28 Shackleton 0.72 <0.0001 1.48
Ross Sea 0.46 <0.0001 0.19 Ross Sea 0.82 <0.0001 1.22
Vincennes Bay 0.29 <0.005 0.27 Vincennes Bay 0.69 <0.0001 1.52
Mertz Glacier 0.21 <0.05 0.31 Mertz Glacier 0.57 <0.001 1.29
Cape Darnley -0.25 <0.05 0.35 Cape Darnley 0.83 <0.0001 1.97
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strong wind is the 80th percentile polynya-averaged wind
speed, which are 10.8 m s™! and 12.4 m s™! respectively for
the Prydz Bay and Shackleton polynyas. The influences of
the SOWEs on sea ice and hydrographic properties are quan-
tified by calculating the difference between polynya-area-
averaged values under normal and strong wind conditions.
The mixed layer depth (MLD) is defined as the depth where
the potential density (c,) anomaly differs by 0.03 kg m~?
from the surface potential density (Dong et al. 2008). HSSW
is defined by the water mass with ¢, above 28 kg m~ (Yoon
et al. 2020).

3 Results
3.1 The Prydz Bay Polynya
3.1.1 Seaice response

Two representative SOWEs are selected for the Prydz Bay
Polynya in the cold season of 1998: one from July 25 to
August 9 (SOWE1) and one from August 9 to August 19
(SOWE2) (Fig. 2). The wind speed averaged over these two
events were 13.6 m s~ and 12.8 m s™! at the Zhongshan
Station respectively, both of them actually exceeded the 90th
percentile wind speed. The temporal variation of the CORE-
IT wind speed was highly correlated with that of observation
at the Zhongshan Station (R =0.82, Fig. 2). Examination of
the wind stress fields over the Prydz Bay Polynya and adja-
cent areas over 40 days covering the two SOWEs (Fig. 3)

shows that both of the two SOWESs were associated with
the passage of synoptic- or meso-scale cyclones (Fig. 3d-g).
At the peak of SOWEI1 (July 30-August 4) and SOWE2
(August 14), the center of the corresponding cyclone sat
just north of the Prydz Bay, and the southern branch of the
cyclone dramatically enhanced the offshore wind component
along the east coast of the polynya. After these two SOWEs,
the center of the cyclone moved eastward out of the polynya
region or was succeeded by a weaker cyclone (Fig. 3h—i).
These wind patterns support the findings of Turner et al.
(2009) and Weber et al. (2016) that extreme offshore wind
speed over the coastal areas of East Antarctica is usually
caused by the interaction of local topography and synop-
tic-scale cyclones. While these studies addressed the role
of the western flank of cyclones in enhancing northward
wind component that act as offshore wind for most of the
East Antarctica coast, we found that the southern flank of
cyclones are more important for increasing offshore (east-
erly) winds over polynyas that lie on the leeside of protrud-
ing topography.

Sea ice properties in the Prydz Bay Polynya showed nota-
ble sensitivity to the selected SOWEs (Figs. 4, 5). The mean
offshore component of sea ice velocity (SIV) increased from
0.07 m s~! prior to the SOWE1 (July 15-25, Fig. 4a— in
the polynya region) to 0.30 m s~! at the onset of SOWE1
(July 30, Fig. 4d); the mean SIC decreased from 75 to 54%
and SIP increased from 0.04 to 0.06 m day~'. On August
4 when the center of the cyclone was located just offshore
of the Prydz Bay, SIV along the east coast of the polynya
remained high values of 0.22 m s~!, and SIC in this area
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Fig.2 Time series of 10-m wind speed at the Zhongshan Station from the CORE-II forcing and from observations during June to September of
1998. The gray shading represents the dates when SOWEs occurred in the Prydz Bay Polynya
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Fig. 3 a-i Spatial distributions of 5-day-average sea level pressure (color shading) and wind vectors (black arrow) near the Prydz Bay Polynya
during July 15 to August 24 of 1998 that included two SOWEs. The magenta pentacle indicates the position of the Zhongshan Station

reached a minimum value of 44% (Fig. 4e). SIP increased
up to twofold reaching about 0.09 m day~! near the coastal
region (Fig. 5e). On August 9, wind speed had dropped to a
normal value of 9.7 m s~/ at the Zhongshan Station, but the
coastal SIC remained low (Fig. 4f). The SIP field (Fig. 5f)
responded timely to the wind speed reduction, and decreased
to values only slightly higher than those prior to the onset
of SOWEL.

On August 14, when SOWE2 developed associated with
the passage of another cyclone, the area of low SIC expanded
quickly (Fig. 4g), and a large portion of the polynya area
was re-occupied by large SIP values above 0.08 m day ™!
(Fig. 5g). Closely following the dramatic reduction of wind
speed on August 19, SIP had basically recovered to the state
before the two SOWESs, while the coastal polynya character-
ized by low SIC values is notably larger than that before the
SOWEs. Therefore, for both of the two SOWEs, SIP demon-
strated near-instantaneous response to the wind event. Also
SIC responded fast, but the low values prevailed long, for
about 5-10 days, which was also the case for sea ice thick-
ness (SIT) during the two SOWEs (not shown).

The differences in wind speed and sea ice variables under
normal and strong wind conditions are averaged over the
Prydz Bay Polynya and summarized in Table 3. For SOWEL,
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the wind speed was about two-fold larger than the normal
values, i.e. from 7.0 to 14.0 m s~'. SIV increased by 3.7
times reaching 0.26 m s~!. SIC was reduced by about 26%,
and SIP doubled to 0.08 m day~!. For SOWE2, though the
spatial-mean wind speed was only 12.1 m s~! on August 14,
the reduction of SIC and increase in SIP were still apparent
in the polynya region, indicating that the SIC and SIP con-
tinued to be affected by the first event.

3.1.2 Oceanic response

An examination of surface salinity in the polynya region
revealed that salinity kept increasing as a result of continu-
ous sea ice formation following the SOWEs, and for such
case the temporal variability of surface salinity is analyzed
to study the impacts of SOWEs on the salinity field (Fig. 6).
The surface salinity variability (SSV) for each date in Fig. 6
is obtained by subtracting the previous 5-day-averaged
salinity from the average value on the current date. When
SOWEI was fully developed on July 30 (Fig. 6d), the most
notable change in the SSV pattern occurred at the offshore
edge of the polynya, where negative SSV values turned into
positive values reaching 0.3 psu day~' and above. On August
4 (Fig. 6e), the positive values spread to the coastal areas
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Polynya and adjacent offshore areas during July 15 to August 24 of
1998 that included two SOWE:s. In a, the magenta pentacle indicates

in the northeastern section of the polynya. As wind speed
dropped to normal values on August 9, SSV turned nearly
to zero at the edge of the polynya, while along the east coast
positive SSV values dominated a larger area. For SOWE2
on August 14 (Fig. 6g), there was a slight increase in SSV
values, which were about 0.01 psu day~' larger than those
on August 9. Positive SSV was still detected along the coast
on August 19 (Fig. 6h), and on August 24 (Fig. 6i) SSV had
gradually recovered to the state prior to the two SOWEs (as
on July 25).

Responding to the onset of SOWE]1, within the polynya
MLD increased from 10-50 m on July 25 to 50-150 m
on August 4 (Fig. 7e). The most notable change occurred
near the edge of the polynya, i.e. the area of largest change

75°E  77°E  79°E 81°E 83°E75°E 77°E 79°E 81°E 83°E75°E 77°E 79°E 81°E 83° 0

the position of the Zhongshan Station, the red line indicates the loca-
tion of the selected cross-shelf transect, and the polygon indicates the
defined polynya region

in SSV, where MLD increased by approximately 200 m.
MLD in the polynya was slightly reduced on August 9,
and then quickly increased to 100—150 m under SOWE2
on August 14, and further increased on August 19. The
quick increase in MLD responding to the development
of a SOWE possibly resulted from the enhanced wind-
induced mixing, and the phenomenon that the impact of a
SOWE on MLD persisted for a few days seemed associated
with the lag response of convection to the SOWE, which
will be discussed later in this section. More details about
the distinction of spatial-mean hydrographic variables in
the Prydz Bay Polynya between the normal and extreme
atmospheric conditions are given in Table 3. For these
two SOWEs, SSV increased by 75% and 50% reaching
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Table 3 Comparisons of polynya-averaged sea ice and oceanic prop-
erties under normal wind forcing and SOWEs for the Prydz Bay
Polynya. The normal values are calculated as the polynya-averaged,
time-mean values over July 15-July 25 in 1998 prior to the SOWEs

Properties Normal SOWEl SOWE2
Wind speed (m s~") 7.0 14.0 12.1
Sea ice velocity (m s™!) 0.07 0.26 0.21
Sea ice concentration 0.75 0.49 0.38
Sea ice production (m day™") 0.04 0.08 0.08
Surface salinity variability (psu day™") 0.04 0.07 0.06
Mixed layer depth (m)* 80 87 103

#The calculation was performed over the period of SOWEs with a
5-day lag because there was a lag response of MLD to SOWEs
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0.07 and 0.06 psu day~! respectively. MLD also increased
noticeably with an area-average value of 87 m and 103 m
respectively during these two SOWEs.

The vertical profile of ¢, along the cross-shelf sec-
tion noted in Fig. 4a shows the presence of HSSW (o, >
28.0 kg m~>) on the continental shelf deeper than 800 m
(Fig. 8h—i). The circulation patterns are superimposed
in Fig. 8. After the onset of SOWEI on July 30, verti-
cal motions near the coast were downslope, compared
to the alternative upslope and downslope motions prior
to the SOWE. The downward motions reached the great-
est strength on August 9 when wind had reduced, and
there was a slight increase in o, of the coastal water at
100-500 m compared to July 30, suggesting that coastal
convection and the formation of HSSW lagged the SOWE
by 5 days or more. The lag response of convection could
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Fig.6 Same as Fig. 4, but for the surface salinity variability which is calculated by subtracting the previous 5-day-average salinity from the

value on the current date

also explain why MLD was still large on August 9 when
winds were weak. At SOWE2 (August 14), the weak
coastal convection and HSSW characteristics still exhib-
ited the footprints of weak wind on August 9, and the
impact of SOWE2 was reflected in the strengthening of
coastal convection on August 19 which was consistent
with the MLD increase along the coastline. It is noted that
on August 19-24 HSSW was formed near the coast at the
depth of 300—800 m, accompanied by an anti-clockwise
circulation that was developed near the front created by
the HSSW and offshore water. There was no significant

change in the HSSW characteristics in the deep layers
below 800 m.

3.2 The Shackleton Polynya

3.2.1 Seaice response

The SOWE chosen in the Shackleton Polynya was from
July 30 to August 9 of 2006, when the wind speed reached
12.6 m s~! at the Mirny Station and was above the 80th

percentile (Fig. 9). The wind speed from the CORE-II
forcing had a low bias compared to the observed values,
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which possibly results from inadequate representation of
small-scale wind due to the coarse resolution of this prod-
uct. The wind stress and sea level pressure fields (Fig. 10)
show that the SOWE was also associated with the pas-
sage of a synoptic-scale cyclone, which moved eastward
and sat offshore of the Shackleton Polynya on August 4
(Fig. 10c).

As shown in Fig. 11, before the SOWE, the offshore com-
ponent of SIV was only large in the coastal regions possibly
influenced by local katabatic winds (Fig. 11a, b). On August
4, high STV greater than 0.18 m s~! prevailed over the entire
polynya and regions nearby (Fig. 11c), and low SIC values
initially present along the east coast spread to offshore areas
and along the south coast. Positive SIP values emerged over
nearly the entire polynya with a mean value of 0.11 m day™"
(Fig. 12¢). Following the reduction of wind speed during
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August 9-19, SIV decreased quickly in the offshore areas
(Fig. 11d-f). Large SIV still existed in the coastal regions on
August 9 when the Shackleton Polynya was located on the
western side of the cyclone and the offshore wind remained
a moderate magnitude, and the coastal SIC values exhib-
ited further decrease. SIP followed the SIV change closely
and showed a noticeable decrease relative to the values on
August 4. On August 14-19, the strong offshore motion of
sea ice was confined at a few locations near the coast, while
low SIC values persisted all along the coast. SIP was still
positive along the coast on August 14, but by August 19
SIP had reduced to the level prior to the SOWE (as on July
30). The facts that both SIV and SIC responded fast to the
SOWE but low SIC values prevailed long after the SOWE
are similar to the situation in the Prydz Bay Polynya. In the
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Fig. 11 a—f Spatial distributions of 5-day-average sea ice velocity
(vector) and sea ice concentration (color shading) in the Shackleton
Polynya and adjacent offshore areas during July 25 to August 19 of
2006 that included one SOWE. In a, the magenta pentacle in indi-

Shackleton Polynya, low SIC persisted for 10-15 days or
even longer, and high SIP persisted for 5-10 days.
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cates the position of Mirny Station, the red line indicates the loca-
tion of the selected cross-shelf transect, and the polygon indicates the
defined polynya region

The differences in wind speed and sea ice variables
under normal conditions and the selected SOWE, aver-
aged over the Shackleton Polynya, are given in Table 4. The
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Table 4 Comparisons of polynya-averaged sea ice and oceanic prop-
erties under normal wind forcing and the SOWE for the Shackleton
Polynya. The normal values are calculated as the polynya-averaged,
time-mean values over July 25—July 30 in 2006 prior to the SOWE

Properties Normal SOWE
Wind speed (m s™") 42 12.8
Sea ice velocity (m s7h 0.04 0.18
Sea ice concentration 0.69 0.48
Sea ice production (m day™") 0.03 0.11
Surface salinity variability (psu day~!)° -0.03 0.05
Mixed layer depth (m)* 151 206

#The calculation was performed over the period of SOWE with
a 10-day lag because there was a lag response of SSV and MLD to
SOWE:s

area-averaged wind speed increased by almost 3 times dur-
ing this SOWE. The area-averaged SIV showed more than
a four-fold increase, reaching 0.18 m s~! and SIP showed
an almost four-fold increase, but SIC reduced only slightly.
The relative increases in the wind speed, SIV and SIP were
larger than those found in the Prydz Bay Polynya (Table 3),
but the relative decrease in SIC was smaller, suggesting that
SIC was affected by other processes in addition to the wind-
driven ice drift, such as the feedback from the SIP change
and change in ocean currents.

3.2.2 Oceanic response

The spatial patterns of SSV and MLD are displayed in
Figs. 13 and 14, respectively. At the peak of the SOWE on
August 4 (Fig. 13c), there was a slight increase in the coastal
SSV values compared to those on July 30. SSV increased
significantly and virtually occupied the entire polynya region
on August 9 (Fig. 13d), with the area-averaged value reach-
ing 0.08 psu day~!. Consistent with the SSV change, MLD
also showed a noticeable increase on August 9 (Fig. 14d),
larger than that on August 4 and before (Fig. 14a—c). SSV
remained high on August 14 (Fig. 13e) and then recovered
to the state at the onset of SOWE (Fig. 13f). MLD also
remained high (Fig. 14e), with the area-averaged mean of
227 m, and then reduced to 190 m on August 19 (Fig. 14f).
Compared to the Prydz Bay Polynya, SSV and MLD in the
Shackleton Polynya have a longer lag in response to the
SOWEs.

The potential density and circulation distributions on the
cross-shelf transect along 94° E (Fig. 11a) in the Shackle-
ton Polynya are shown in Fig. 15. Two circulations cells
seemed to persist above 500 m: one counterclockwise cir-
culation near the coast and one clockwise circulation in the
area of 66.3° S—66.1° S. Similar to the situation in the Prydz
Bay Polynya, after a few days of the SOWE on August 4,
enhanced downward motions were observed in the coastal
area (August 9), which was followed by a noticeable increase
in the o, of the HSSW from surface to 400 m along the coast.
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Convection reached the maximum strength on August 14
and weakened on August 19 when the wind was reduced,
while o, kept increasing during August 14-19 and HSSW
characterized by high potential density at 0—400 m expanded
offshore. Same as the case in the Prydz Bay Polynya, the
HSSW characteristics during the SOWE and a few days after
were not remarkably affected by the wind event in the deep
layers below 600 m.

3.3 Therelative significance of wind speed and air
temperature during SOWEs in sea-ice variations

During SOWEs, sea ice formation in Antarctic coastal polyn-
yas is due to the combined effects of strong winds and cold,
dry air, which contribute to larger heat loss from the sea sur-
face via turbulent fluxes of sensible and latent heat and nega-
tive net longwave radiation. If this heat loss is not balanced by
the oceanic heat flux, the sea surface cools and finally freezes.
In Antarctic coastal polynyas, the latent heat flux is much
smaller than the sensible heat flux (Launiainen and Vihma
1994), and therefore we do not address the effects of air mois-
ture. To elucidate the relative role of wind speed and air tem-
perature on sea ice formation in the polynya regions, linear
regression of sea ice variables onto the two atmospheric quan-
tities over the two polynyas is implemented over the period

of June-September during 19882008, and the results are
presented in Fig. 16. For the Prydz Bay Polynya, SIC is both
significantly and negatively correlated with the wind speed
and air temperature, with the correlation to wind (R=-0.61,
P <0.0001) higher than that to air temperature (R=— 0.53,
P <0.0001). The relationship of SIT with wind and air tem-
perature shows a resemblance to those for SIC. SIP is highly,
positively correlated with wind speed (R =0.78), while the
correlation with air temperature is quite weak (R=0.24).
Results for the Shackleton Polynya are similar to those for
the Prydz Bay Polynya, with SIC being significantly corre-
lated with both wind speed (R=— 0.52, P<0.0001) and air
temperature (R=— 0.35, P <0.0001) while SIP only well cor-
related with wind speed (R=0.67, P<0.0001). Variations in
air temperature associated with atmospheric processes other
than the wind events could also play a role in the SIC change,
and this may explain why both SIP and SIC exhibited almost
instantaneous responses to the SOWEs but low SIC values
prevailed long after the events (see Sect. 4.2). The results that
sea ice properties in the polynyas are more correlated with
wind than with air temperature are consistent with the conclu-
sions from Ding et al. (2020), which is focused on the Terra
Nova Bay Polynya in the Ross Sea using satellite observa-
tions and atmospheric reanalysis. This study showed that in
low air-temperature intervals (below ~— 25 °C), the area of
the polynya is more closely correlated with the air tempera-
ture change than wind speed, while in moderate-to-high air
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temperature intervals (above — 25 °C), the range where air
temperature near the Prydz Bay and Shackleton polynyas fall
in, the change in polynya area is more related to wind.

4 Discussion

4.1 Therelative role of variations in local katabatic
wind and cyclones in change of offshore wind
speed

It is generally considered that the coastal katabatic wind
plays a major role in driving the formation of Antarctic
coastal polynyas and sea ice formation. Katabatic wind is
traditionally defined as a downslope cold flow driven by
gravity and pressure gradient force on a sloping surface
near the Antarctica coast, and its direction is controlled
largely by topography (Lutgens and Tarbuck 2001). The
katabatic wind occurs in the lowermost tens or a few hun-
dreds of meters of the atmosphere (Vihma et al. 2011).
Theoretically, the nominal 1° resolution of the CORE-
IT product is not adequate to resolve the local katabatic
winds in regions of a complex orography, and this could
be the reason for the low bias of CORE-II wind speed
compared to the observed wind speed near the Shackle-
ton Polynya (Fig. 9), though the assimilation of Antarctic
weather station data into CORE-II should have reduced
such bias. In this study, we have also tried to select the
polynyas characterized by the highest correlations between
the CORE-II wind and observed wind as well as between
the modeled and observed sea ice properties, in order
to minimize errors from the model. On the other hand,
a wider definition for katabatic wind is any downslope
wind off the Antarctic continent (Ahrens 2000), in which
the component contributed by synoptic wind is included.
In this context, our study actually focused on the vari-
ation of the katabatic wind component associated with
the synoptic wind. An exploration of the role of a wind
event purely related to local (narrow-definition) kataba-
tic wind on Antarctic coastal polynyas needs employing
high-resolution atmospheric forcing products, such as the
ECMWEF global operational forecasting system, presently
available with 9 km horizontal resolution, or the regional
Antarctic Mesoscale Prediction System (AMPS) that has
a spatial resolution of 10 km or even higher to force the
ocean-sea-ice model. But on the other hand, we actually
compared the CORE-II forcing with the ERAS reanaly-
sis product, which has a higher horizontal resolution of
0.25° by 0.25°, and found that the spatial distributions of
sea level pressure and wind vectors from the two products
exhibited very similar patterns near the Prydz Bay and
Shackleton polynyas (Figs. 17a—i, 18a—f). It is noted that
near the Prydz Bay Polynya, wind along the coastline is

larger in the lower-resolution CORE-II product compared
to ERAS (Fig. 17j), which is consistent with the findings
revealed of Stossel et al. (2011). For the Shackleton Pol-
ynya, such feature was not found (Fig. 18g). The correla-
tions of the polynya-averaged wind speed from CORE-II
and ERAS5 over the Prydz Bay and Shackleton polynyas
are in excess of 0.9 (P <0.0001), respectively. For this
study, the temporal change of the coastal wind is more
important information than the absolute value of wind.
For both polynyas, time series of the temporal change of
wind (difference in wind values from two consecutive time
steps) from CORE-II and ERAS largely overlap each other
(Figs. 17k, 18h), suggesting that the resulting temporal
change in sea ice and oceanic properties should also be
similar when using ERAS winds instead of CORE-II winds
as wind forcing.

It is also noted that this study employs the 5-day-average
CORE-II forcing data. By examining the daily CORE-II
atmospheric fields, we found that the time span of synoptic-
scale events over the study areas over the 5-day period varied
from 2 days up to 7 days. For events lasting for 2-3 days
(which occur less frequently compared to those lasting
longer), there are two cyclones passing by the study areas,
and the averaged field is either a reflection of the stronger
event or the interactive result of the two cyclones. If the lat-
ter case happens, we would expect more details in the sea
ice response in the 5-day period, which cannot be resolved
from the 5-day-average sea ice fields. But as revealed from
Fig. 16, there exists an almost linear relationship between
sea ice properties (SIC and SIP) and wind speed, indicating
that the 5-day averaged SIC field reflects the response to
the 5-day averaged wind field that spans over two cyclone
events. As discussed above, the oceanic response reflects
cumulative effects of wind events, and therefore we would
not expect significant differences in the change of oce-
anic quantities from using 5-day-average forcing and daily
forcing.

4.2 Theresponse time of sea ice variables to SOWEs

It is noted that different sea ice variables have different
response time to the SOWEs. SIV showed instantaneous
response to the wind change, which is consistent with ear-
lier studies. For example, in free-drift conditions the typi-
cal response time of ice velocity to wind forcing is a few
hours (Zubov 1945). The response of SIP is also fast. SIP is
affected by the wind, air temperature, and air specific humid-
ity. The opening of coastal polynyas is controlled by the
wind, and the magnitude of the turbulent heat loss from the
polynyas is mostly controlled by the wind speed and air tem-
perature (assuming that the sea surface temperature remains
close to the freezing point). Results in Sect. 3.3 show that
for SIP, it is only significantly correlated with wind speed,
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«Fig. 17 a-i Spatial distributions of 5-day-average sea level pressure
(color shading) and wind vectors (black arrow) from the ERAS rea-
nalysis product near the Prydz Bay Polynya during July 15 to August
24 of 1998 that included two SOWEs. The magenta pentacle indi-
cates the position of the Zhongshan Station. j Time series of 10-m
wind speed at the location of Zhongshan Station from the CORE-
II and ERA5 reanalysis products and from observations and k time
series of difference in polynya-averaged wind speed between consec-
utive 5-day snapshots from the CORE-II and ERAS reanalysis prod-
ucts during June to September of 1998 over the Prydz Bay Polynya

and not with air temperature. This is natural, as strong winds
favor both opening of polynyas (Fig. 16a, g) and a large
heat loss from them, driving SIP. The lack of correlation
between SIP and air temperature could result from compen-
sating effects: cold air is needed for a large heat flux from a
polynya, resulting in a large SIP, but this upward flux heats
the air and, accordingly, air temperatures are higher under
the occurrence of a coastal polynya than in cases of high ice
concentration (Fig. 16d, j).

For both polynyas, the results indicate that the low SIC
prevailed some 5-15 days after the SOWEs. After the
SOWEts, the thermodynamic growth of new ice in the pol-
ynya is expected to increase the ice concentration. This is
because sea ice growth is a slow process; the typical growth
rates observed by Smith et al. (2012) near Antarctic ice
shelves were less than 0.01 m day_l. Therefore, the SIC
increase from thermodynamic ice growth cannot immedi-
ately compensate for the SOWE-induced SIC reduction,
resulting in the persistence of low SIC values. Additionally,
although SOWEs favor the opening of coastal polynyas, the
wind following SOWEs, though weaker, was still offshore
and drove offshore ice transport (Figs. 4, 11), and as such
SIC in the polynyas cannot immediately recover to the level
of the smaller-polynya state prior to the SOWEs. Moreo-
ver, we found that air temperature rose quickly after some
SOWE:s (not shown), which can also contribute to the per-
sistence of low SIC in the relatively calm wind condition.

4.3 Seasonal-scale effects of the SOWEs on HSSW
formation

Our analysis shows that for both the Prydz Bay and Shackle-
ton polynyas, SOWEs have eminent influences on the HSSW
formation in the layers above 800 m, while in the deeper
layers the HSSW features do not change. This is possibly
due to the fact that it takes a longer time for the deep HSSW
to adjust to the SOWEs, and the high-frequency SOWEs
obscure the response of HSSW to any single wind event. As
such, HSSW in the deep layers would reflect the cumula-
tive effects of SOWEs in the winter season. For each of the
two polynyas, winter seasons from 2 years with contrasting
SOWE duration are selected, and HSSW accumulation in
the deep layers is compared. For the Prydz Bay Polynya,

1998 and 2005 are chosen as the years with long- and short-
duration of SOWE, which respectively have a cumulative
duration of SOWE in winter of 27 and 19 days and an aver-
age wind speed of 13.62 m s~! and 13.52 m s~!. Vertical
transects of the average potential density over winter on the
cross-shelf section and a section along 80°E are displayed
in Fig. 19. Both of the two sections show that there was an
apparent occupation of HSSW (o, > 28.0 kg m~?) at the
depth of 800-1200 m in 1998 (Fig. 19a, c), while in 2005
HSSW was barely observed in the deep layers (Fig. 19b, d).
The fact that the average wind speed over winter is similar
in these 2 years demonstrated the role of SOWE duration in
HSSW formation in the deep ocean near the polynya regions.
For the Shackleton Polynya, 2006 and 2004 are chosen as
the years long- and short-duration of SOWE respectively,
which respectively have a wintertime duration of SOWE of
29 and 19 days and an average wind speed of 15.95 m s~!
and 15.33 m s~!. Vertical transects of the average potential
density over winter on the cross-shelf sections along 94°E
and 95°E are shown in Fig. 20. For both of the two sections,
HSSW occupied the coastal region at a depth of 300-1000 m
in 2006 (Fig. 20a, c¢), and in 2004 there was virtually no
presence of HSSW (Fig. 20b, d). This again suggests the
importance of SOWE occurrence in the HSSW formation
and accumulation in the deep ocean in Antarctic coastal pol-
ynyas, indicating that the SOWESs could further have impacts
on the AABW formation on a longer time scale, which can
be investigated by lag correlation analysis and numerical
experiments using dyes. Such analysis is beyond the scope
of this work and will be conducted in a follow-up study.

5 Conclusions

This study investigated the impacts of strong wind events
on sea ice properties and oceanic processes in two Antarc-
tic coastal polynyas based on numerical simulations from
the FESOM model. The variations of different sea ice and
oceanic variables under SOWEs were quantified and the
response time of different properties to the SOWEs was
revealed. For both the Prydz Bay and Shackleton polyn-
yas, the SOWEs selected over austral winter were associ-
ated with the passage of synoptic- or meso-scale cyclones,
which enhanced the offshore wind component in the polynya
regions. The offshore sea ice motions and ice production
rates in the polynyas increased dramatically and almost
instantaneously with the SOWEs and reduced quickly once
the SOWEs disappeared. The influence of SOWEs on sea
ice concentration persisted for 5—15 days, which may result
from the fact that the variability of SIC caused by ther-
modynamic growth of new ice in the polynyas takes time,
and the weaker winds following the SOWESs do not neces-
sarily favor dynamic closing of polynyas. Changes in the
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Impacts of strong wind events on sea ice and water mass properties in Antarctic coastal polynyas

«Fig. 18 a—f Spatial distributions of 5-day-average sea level pressure
(color shading) and wind vector (black arrow) from the ERAS rea-
nalysis product near the Shackleton Polynya during July 25 to August
19 of 2006 that included one SOWE. The magenta pentacle indicates
the position of the Mirny Station. g Time series of 10-m wind speed
at the location of the Mirny Station from the CORE-II and ERAS
reanalysis products and from observations and h time series of dif-
ference in polynya-averaged wind speed between consecutive 5-day
snapshots from the CORE-II and ERAS reanalysis products during
June to September of 2006 over the Shackleton Polynya

hydrographic properties including the surface salinity and
mixed layer depth lagged the SOWEs by about 5-10 days.
For both polynyas, the formation of HSSW occurred in the
coastal regions at the depth of 200-800 m about 10-15 days
post the SOWESs, while there was no significant change in
the HSSW characteristics below 800 m. Comparisons of
winter mean hydrographic properties in 2 years with dif-
ferent wintertime durations of SOWESs suggest that HSSW
features in the deep layers are considerably affected by the
SOWE duration in winter.

Realistic representation of sea ice-ocean processes over
the Antarctic coastal polynyas are challenging for many of
the state-of-the-art coupled models, including the FESOM
model, in which a couple of physical processes are miss-
ing or not well represented. For instance, the low-resolution

CORE-II forcing can induce uncertainties in the coastal
wind due to insufficient representation of complex orogra-
phy, which may further affect the simulation of sea ice pro-
duction in coastal polynyas. The lack of coupling with the
atmosphere could increase the air-sea temperature gradient
due to the lack of sensible heat flux transferred from the
ocean to the atmosphere, as well as the lack of latent heat
flux released into the atmosphere during ice freezing, and
colder temperature will result in larger ice production rates.
In addition, tides are not included in the FESOM model, but
tides could affect sea ice motions (Koentopp et al. 2005) and
sea ice production by periodic opening and closing of leads
(Luneva et al. 2015). Simultaneously, tides can significantly
modulate the export and volume of dense shelf water (Pad-
man et al. 2009; Wang et al. 2013), and favor the inflow of
circumpolar deep water onto the continental shelf (Stewart
et al. 2018) that can alter stratification in the polynya area
and HSSW formation. Finally, the freshwater from ice shelf
melting could decrease the sea ice production in polynyas
by pumping more circumpolar deep water into the coastal
regions (Jourdain et al. 2017; Merino et al. 2018) and sup-
press the formation of dense shelf water. The impact of ice
shelf basal melt on the ocean is largely increased in the pres-
ence of tides, and ice shelf basal melt could affect the water
mass transport out of polynyas (Huot et al. 2021). The effects
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¢ 1998 and b, d 2005. The black contour lines indicate isopycnals at
an interval of 0.1 kg m™
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of strong wind events on the tidal and ice-shelf processes as
mentioned above can modulate the response of the ice and
oceanic response in the coastal polynyas revealed in this
study, and these effects should be considered in the future by
using models including tidal and ice-shelf modules.

This study employs realistic model simulations to
study the response of polynya processes to strong wind
events. The atmospheric forcing fields are characterized
by consecutive SOWEs, and in such situation it is hard to
separate out the response of sea ice and oceanic processes
to one single event, as the response time is often longer
than the wind event duration time. In the future, ideal-
ized numerical experiments can be conducted to reveal the
complete responding process of sea ice and in particular,
the response of water mass in Antarctic polynyas to the
SOWE.
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