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Key Points:
e There is an inconsistent seasonal shift between storm track and sea ice edge.
e The high exposure areas of sea ice to cyclones are concentrated at the edges.

e Short-term sea ice responses various depends on the path and strength of cyclones.
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Abstract

The sea ice around Antarctica undergoes a natural seasonal cycle of slow advance and
rapid retreat, which does not align with the seasonal north-south shift of the storm track over
the Southern Ocean. In particular, cyclones near the sea ice edge have a stronger impact on the
sea ice compared to those occurring elsewhere across the Southern Ocean. Despite the
increasing long-term trend of sea ice reversing after 2015, further investigation shows a
significant increase in the number of ice-linked cyclones in almost all subregions. To better
understand the seasonal and regional relationship between sea ice and cyclones, an exposure
index is introduced, encompassing various features of cyclones, local sea ice concentration (SIC),
and their interaction time. This index helps identify seasons for each subregion. Analyzing
cyclones categorized by local SIC anomaly, we observe that cyclone strength and movement
direction significantly influence SIC anomalies. Composite results highlight the critical role of
temperature advection and surface sensible heat flux in SIC changes driven by cyclone circulation.
Though these results depend on the cyclone’s interaction with the background circulation and its
position relative to the sea ice edge, they offer a new perspective on short-term sea ice changes
from a cyclone perspective

Plain Language Summary

As storm tracks in the Southern Ocean shift poleward due to climate change, more
cyclones are expected to impact Antarctic sea ice. This study specifically examines Southern
Ocean cyclones that affect sea ice, revealing that seasonal and regional differences in cyclone
characteristics shape the relationship between cyclones and sea ice. Composite results indicate
that variations in cyclone intensity and movement direction relative to the sea ice edge can
produce four distinct responses in local sea ice concentration, driven by the cyclonic wind field
and associated warm or cold air. This suggests that the short-term impacts of passing cyclones
on sea ice are not singular.

1 Introduction

Antarctic sea ice exhibits one of the largest seasonal signals on Earth, with significant
implications for the planetary albedo, energy exchange between the atmosphere and ocean,
thermohaline circulation, and ocean productivity (Eayrs et al., 2019, 2021; Clem et al., 2022). In
contrast to the consistent decrease in Arctic sea ice since 1978 (Serreze & Stroeve, 2015),
Antarctic sea ice has shown greater variability, with a dramatic trend reversal from growth to
decline since 2014 (Turner et al., 2017; Parkinson & DiGirolamo, 2016; 2021), and characterized
by strong regional and seasonal differences over the long term (Parkinson 2019; Eayrs et al.,
2021; Pirti et al.,, 2022). Current research has tried to understand these long-term and
asymmetric changes in Antarctic sea ice from both atmospheric and oceanic perspectives (Meehl
et al., 2019). However, there is still no consensus in explaining these observed changes (Hobbs et
al., 2016; Jones et al., 2016; Parkinson & DiGirolamo, 2021).
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record low sea ice events have been observed in both
hemispheres since 2010, and extratropical cyclones have been considered to play an important
role in these events. In the Arctic, the 2012 record low Arctic sea ice cover was attributed to a
strong storm that entered the central Arctic in early August (Simmonds & Rudeva 2012).
, two August storms contributed to another record low in the Arctic in 2016 (Petty et
al., 2018). Strong storms can separate a small portion of the sea ice from the main ice pack and
cause further decay in the main pack by increasing its exposure to wind and waves (Parkinson &
Comiso 2013). The storm-induced enhanced oceanic mixing can also lead to bottom melt and a
significant decrease in ice volume (Zhang & Lindsay 2013). Similarly, in the Antarctic, strong
cyclones drove unprecedented ice loss in the Weddell Sea during the austral spring and summer
of 2016/17 by advecting multi-year ice northward into warmer and lower latitudes (Turner et al.,
2020). Afew months later, strong cyclones further triggered the re-occurrence of the Maud Rise
Polynya in the 2017 austral winter (Francis et al., 2019). The large negative anomaly of sea ice
extent (SIE) in the Weddell Sea during April and May 2019 was caused by a series of intense and
explosive polar cyclones (Jena et al., 2022a). Record low sea ice events in other regions of
Antarctica have also been found to be linked to cyclone activity. For instance, a series of intense
polar cyclones in late 2021 resulted in a strong offshore flow and coastal polynya in the Ross Sea,
accelerating sea ice loss through increased solar radiation absorption and nonlinear ice-albedo
feedback, resulting in a record low in February 2022 (Turner et al., 2022; Wang et al., 2022). In
the extreme sea ice loss of 2023, cyclones intensified northerly winds and subsequently caused
a significant retreat in the Weddell Sea and Ross Sea (Jena et al., 2024). Although there is a
different land-sea distribution and more variable sea ice trends in the Southern Hemisphere
compared to that in the Northern Hemisphere, it appears that cyclones may play a crucial role in
modulating the SIE in the Southern Hemisphere as well.

High-latitude cyclones act as a bridge connecting hemisphere-wide climate variability and
sea ice in many complex ways (Yuan et al., 1999; Vihma 2014). Specifically, in low sea ice
concentration regions, the transfer of high amounts of latent and sensible heat to the
atmosphere would be expected to increase baroclinicity and promote the development of
atmospheric disturbances (Watkins & Simmonds, 1995). Thus, a decrease in SIE may increase the
number of cyclones (Simmonds & Wu 1993), which, in turn, could drive a southward shift of high-
latitude cyclones and potentially enhance downstream cyclone density (Pezza et al., 2008).
Although some studies suggest that atmospheric stresses and the topographic asymmetry of the
Antarctic continent (Howarth 1983; Godfred-Spenning & Simmonds 1996), instead of sea ice,
dominate the density and track of cyclones, less sea ice accompanied by changes in cold air
outbreaks and baroclinic properties do affect the storm track and cyclogenesis (Menéndez et al.,
1999; Yuan et al., 1999). On the other hand, strong winds related to cyclone systems may alter
the distribution of sea ice through advection and their impact of surface stress on the ice surface
(Watkins & Simmonds 1998), affecting the speed at which water in them refreezes (Dare &
Atkinson, 1999), roughing the older sea ice in the frontal ice zone (Nghiem et al., 2016) and
inducing a rapid growth of sea ice in specific regions (Wang et al., 2014). In addition to the effect
of wind, the cyclone-induced dynamic (poleward propagation of ocean waves and ice motion)
and thermodynamic (heat and moisture plumes from midlatitudes, ocean mixed layer warming)
processes can facilitate seaice loss (Jena et al., 2022b). Hence, cyclones influence sea ice advance
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and retreat differently across seasons (Finocchio et al., 2022)

significant impact on the marginal ice zone (Finocchio et al., 2020; Vichi et al., 2019)

and influence sea ice production within polynyas (Wang et al., 2021; 2023).

Variability in Antarctic sea ice and cyclones have been linked in previous studies (Carleton
1983; Howarth 1983; Streten 1983). The correlation between sea ice and cyclones varies in
different regions and over time (Carleton 1983; Howarth 1983). On an interannual timescale,
positive sea ice anomalies and cold air outbreaks are closely associated with the occurrence of
cyclones (Carleton & Carpenter 1989). The development and maintenance of sea ice anomalies
have also been found to be significantly affected by the track, intensity, and frequency of cyclones
(Streten 1983). However, due to the limited availability of observational records, conclusions of
these earlier studies may only apply to specific periods and lack general applicability. Benefiting
from the development and application of cyclone tracking algorithms, Simmonds and Wu (1993)
found that less Antarctic sea ice leads to lower sea-level pressure as a result of more cyclones
but not necessarily more intense ones. The relationship between Antarctic sea ice and Southern
Ocean cyclones is regionally dependent, and not consistent across the entire sea-ice zone on a
seasonal time scale (Godfred-Spenning & Simmonds 1996). Their correlation is more significant
near the sea ice edge (Simmonds 2003). Local cyclone density appears more closely linked to sea
ice upstream or downstream, indicating the crucial role of the 10-m wind associated with the
synoptic system in the sea ice variability (Schemm 2018). In addition, the relationship also
depends on the spatial and temporal scale. There are weak correlations on interannual
timescales but the correlations become strong when sea ice lags both track density and
cyclogenesis by one season (Godfred-Spenning & Simmonds 1996; Simmonds 1996). Zhang et al.
(2023) found that this lag time is 1-2 months in austral summer using the lagged maximum
covariance analysis (MCA). The above studies focus on the correlation between cyclone density
and sea ice extent on different timescales and regions, but most of them barely achieve statistical
significance. They also lack a reasonable explanation for the significant correlation and it is still a
puzzle about the significant correlations only occur in particular seasons and regions. Cyclones
with different paths and genesis locations exhibit varying meridional moisture and momentum
fluxes (Sinclair & Dacre 2019; Ward et al., 2023), causing on sea ice. Such details are
hidden within the cyclone track density and result in producing a weak correlation between sea
ice and cyclones. Recent findings reveal that 30-40% of extreme sea ice variability events on
synoptic timescales are linked to Southern Ocean cyclones, with the characteristics of these
cyclones playing a significant role in shaping their relationships in different regions (Hepworth et
al., 2024).

Although there is a tug of war in the shift of the westerly jet stream in the Southern
Hemisphere due to the ozone-hole recovery and increasing greenhouse gases (Perlwitz 2011), a
confirmed poleward shift of the storm track can be seen in the Southern Hemisphere both in the
historical record (Bender et al., 2012) and in future simulations (Tamarin-Brodsky & Kaspi 2017;
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Priestley & Catto 2021). More cyclones moving closer to the Antarctic continent are likely to
intensify their impact on sea ice distribution and variability. In this context, focusing on ice-linked
cyclones (near or over the sea ice) will be crucial for understanding their role in shaping future
sea ice dynamics. At present, we have access to comprehensive and reliable data for the Antarctic
sea ice edge and sea ice concentration since 1979 from passive microwave satellites and high-
resolution reanalysis data, as well as datasets of Southern Ocean cyclone tracks produced by
applying objective tracking algorithms to reanalysis data. The aim of this paper is to provide a
clearer picture of the interaction of cyclones with sea ice through addressing the following
questions:

(1) What are the characteristics and trends of ice-linked cyclones?
(2) What is the mechanisms for the different responses of SIC to cyclones?

The paper continues as follows: Section 2 describes the reanalysis data, sea ice data,
cyclone tracking method, and a sea ice exposure index used in this study. The climatology of ice-
linked cyclones and the composite results for different types of cyclones are presented in Section
3. Discussion and conclusions are provided in Sections 4 and 5.

2 Data and Methods

2.1 Sea ice and reanalysis data

We use atmospheric and oceanic data from the European Centre for Medium-Range
Weather Forecasts (ECMWF) fifth-generation reanalysis data (ERA5, Hersbach et al., 2020),
including sea ice concentration (SIC), mean sea level pressure (MSLP), and relative vorticity at
850 hPa (VORT850). The ERAS reanalysis data an original spectral resolution of triangular
truncation 639 (T639, ~31 km horizontal resolution) and 137 hybrid sigma vertical levels. The
data available at a 0.25-degree horizontal resolution and hourly temporal resolution since
1940. In this study, we specifically analyze the data starting from 1980 to align with the sea ice
data from satellite observations. The European Organization for the Exploitation of
Meteorological Satellites (EUMETSAT) Ocean and Sea Ice Satellite Application Facility (OSI SAF)
reanalysis product (v409a; ), various versions of the HadISST2 sea ice
product (Titchner & Rayner, 2014) and the operational OSI SAF product that is also part of the
OSTIA product were considered for the SIC data of ERAS5 (Hirahara et al., 2016; Hersbach et al.,
2020), which have been widely used in previous studies (Aue et al., 2022; Jenkins et al., 2022;
Hepworth et al., 2024). It should be noted that the hourly SIC data from ERAS are updated daily
but stored at hourly frequency to align with the atmospheric data.

The sea ice edge is often defined as the outermost boundary separating the open ocean and
sea ice, represented by the 15% SIC contour (Goessling et al., 2016; Zampieri et al., 2019).
However, its precise location can be influenced by factors such as islands in the Southern Ocean,
polynyas, and semi-enclosed open water. Therefore, to address these challenges, we define a
conservative sea ice edge by extending it southward by more than 0.5° latitude from the 15% SIC
contour line. To better capture the north-south variability of the sea ice edge, we introduce the
latitude of the ice edge (IEL) as a metric to represent its position. Subsequently, we calculate the
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average latitude of hourly sea ice edge to obtain daily, monthly, seasonal, and yearly sea ice edge
positions. Additionally, the corresponding variance is computed to quantify its interannual
variability. Considering the trend reversal observed around 2015, we further calculate the
regional |EL trends for two distinct periods, 1980-2015 and 1980-2022, following the
methodology proposed by Maksym (2019).

2.2 Cyclone tracking

Using the 850 hPa relative vorticity data from ERAS reanalysis, we track the Southern
Ocean cyclones from 1980 to 2022 using the objective tracking algorithm TRACK (Hodges 1994,
1995, 1999). To better leverage ERA5’s high temporal resolution for cyclone tracking, we selected
a temporal resolution of 1 hour and the spatial resolution of T42 (~310 km at the equator) after
evaluating alternative spatial-temporal schemes (Zhong et al., 2022). The tracking process
consists of three steps: spectral filtering to reduce noise in the vorticity field and to focus on
synoptic scale cyclones, cyclone center positioning by finding the off-grid vorticity minima, and
optimal track construction by minimizing a cost function for track smoothness constructed from
changes in direction and speed subject to adaptive constraints. Tracks are filtered post-tracking
to retain cyclone tracks with a minimum lifespan of 2 days and a movement distance of over 1000
km. These criteria effectively exclude short-lived or unrealistic systems (Uotila et al., 2011). Full
details of the tracking are given in Zhong et al. (2022). The higher temporal resolution enables
accurate identification of the cyclones’ initial and final track points, particularly useful for locating
the cyclone center over the sea ice, determining the speed and moving direction of cyclones, and
measuring the interaction time between the cyclone and sea ice. The spectral filtering of T42 will
exclude small-scale and mesoscale cyclones that have a different climatological distribution from
the synoptic-scale cyclones (Stoll 2022).

In addition, the full-resolution MSLP minima is added to the vorticity tracks and used as
the reference of the intensity of the cyclones. TRACK achieves this by searching for the nearest
minima within a 5° radius (geodesic) of the vorticity center. If a true MSLP minimum cannot be
found (such as open cyclones that has no closed isobaric line), the MSLP value at the location of
vorticity center is taken. A similar method can be used to search for the maximum SIC for each
track point within a 5° radius, which facilitates the distinction between ice-linked and non-ice-
linked track points

The axis of the storm track refers to the maximum track density of Southern Ocean
cyclones. The latitude of this axis will be used to calculate the relative distance with sea ice edge.
Specifically, we also defined the number of track points within a 500 km radius (Haversine
distance) at each grid point as the feature density, highlighting the areas of most frequent cyclone
activity. It is note that feature density is different from track density because track points are
counted on multiple grid points in feature density but once in track density.

The Southern Ocean is divided into five subregions (lonita et al., 2018; Turner et al., 2017):
Indian Ocean (10: 20°E-90°E), Western Pacific Ocean (WPO: 90°E-160°E), Ross Sea (RS: 160°E-
130°W), Amundsen-Bellingshausen Sea (ABS: 130°W-60°W), and Weddell Sea (WS: 60°W-20°E).
We further categorize the track points into two groups based on their relative distance from the
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sea ice edge. The "inside" group comprises track points located within (south of) the sea ice edge,
over the sea ice but not on land. The “outside” group contains track points located outside (north
of) the sea ice edge, but with a relative distance of less than 5° of latitude to the ice edge. They
will be called inside cyclones and outside cyclones respectively in the rest of the paper. This
approach excludes cyclones that are distant from the sea ice and allows an analysis of the
differences in the behavior of cyclones inside and outside the ice edge, as well as their respective
impacts on the sea ice. It provides a possible to investigate the differences in the number and
characteristics of cyclones arriving at the sea ice edge and entering the interior of the sea ice
edge, offering a more detailed understanding of cyclones in the ice zone. The choice of 5° is based
on findings by Simmonds (1996), who observed significant correlations between sea ice and
cyclone density within relatively short distances. Here, 5° is a typical mean radius of extratropical
cyclones although some cyclones may have longer fronts.

Cyclone-centered composites are performed on the re-gridded field to avoid the effects
of meridional convergence in polar regions. The compositing domain extends 20° in all four
cardinal directions, centered on the cyclone's vorticity center at 850hPa level. This rectangular
domain is initially defined at the equator and then rotated to the cyclone center using a rotation
matrix to maintain a fixed aspect ratio in meridional and zonal directions. Then, the factors fields
are interpolated onto the grid using B-spline interpolation. Using a domain based on geographic
coordinates makes it easier to identify direction and relative distance than a circular polar
coordinate composite or a distance—azimuth radial domain used in other studies (Rudeva and
Gulev 2011; Catto 2018; Ponce de Ledn and Bettencourt 2021; Clancy et al., 2022). In particular,
there is a land mask for the temperature advection at 10m level, reducing noise in the composite
field. To minimize interference from upstream and downstream cyclones in the composite results,
this study selects only isolated cyclones for analysis. An isolated cyclone is defined as one with
no other cyclones present within 20° to the east or west.

2.3 Exposure index

The impact of cyclones on sea ice is significant and depends on its concentration. Regions
with lower SIC, such as the marginal ice zone, are more significantly affected than those with
higher concentrations. The number, intensity, and relative distance of passing cyclones all
influence the underlying sea ice to different degrees. To comprehensively assess the impact of
cyclone activity on sea ice, we have developed an exposure index for each grid point (x, y) at
time t is calculated as:

1 24 xvn=m Nor_Strength(t)
Exposure(x,y,t) = ———Yt* =
14 ( 'Y ) SIC(x,y,t) Zt—24‘ n=1 Nor_Distance(t)+¢€ !

where £ = 10™* is used to avoid division by zero. m represents the total number of track
points within a 5° radius of the sea ice grid point over a 2-day period.

Strength —Strengthy;
Nor_Strength(t) = case(t) min

Strengthmax—Strengthpyin
where Nor_Strength(t) is the normalized intensity (MSLP) of the cyclones, with a min-
max normalized to a range of 0~1.
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Since higher intensity corresponds to a greater value, we take a negative value for the
mslp value at the center of the cyclone. Strength,se(r) is the strength of cyclones at each
timestep. Strength,,,, and Strength,,;,, are the maximum and minimum strength of cyclones
in the dataset, respectively.

The relative distance between the sea ice grid point and the cyclone center is denoted by
a Distance(t), normalized by a maximum distance of 500 km to remove its dimensionality and

ensure its value is between 0 and 1.

. Dist t
Nor_Distance(t)= %kc;()

To avoid division by zero when the distance between a cyclone and the sea ice grid point
is zero, a small constant € = 10™* is added to the denominator. This adjustment ensures the
correctness of calculations without significantly affecting the results.

The SIC value of the sea ice at grid point (x, y) and time t is denoted as SIC(x, y, t). Only
the grid points with SIC =15% will be used to calculate exposure index. To calculate the exposure
of the local sea ice grid point to passing cyclones within a specific time period, we sum the
contributions of all n cyclones that pass through a 500 km radius of the grid point from 120 hours
before to 120 hours after each timestep (per hour). This summation results in the index that
guantifies the exposure of each sea ice grid point to passing cyclones at any moment. The
exposure index is influenced by factors such as cyclone intensity (Strength qqe(s)), distance from
the cyclone to the sea ice grid point (Distance(t)), the number of cyclones within a 500 km
radius ( X*=T ) in a period ( YXt*2% ), and the local SIC (SIC(x,y,t)). The interaction time

between sea ice and cyclones is represented by the sum of times ( Y.t¥22 Y= ) and the strength

of cyclones over the sea ice is also computed in a 2-day period ( X{33 Y= Strengthegse ) )-
In order to better compare the results between seasons, the exposure index at each time

point is also normalized, with a min-max normalized to a range of 0~1.
Exposure(x,y,t)—Exposuremin

7

Nor_Exposure(t) =

Exposuremax—Exposuremin !

The maximum and minimum exposure values are derived from all grid points with SIC
>15% over the entire 43-year period. The selected time window of +1 day (48 hours) aims to
capture as many passing cyclones as possible. This window is subjectively chosen and can be
extended to +3 or 5 days, as shown in sensitivity tests (Figures S1 and S2). Cyclone speed
indirectly affects the exposure index by influencing both the number of cyclones and their
interaction time with sea ice. Thus, the exposure index serves as a valuable metric for quantifying
cyclone influence on local sea ice and exploring regional differences in this relationship. Figure 1
illustrates Nor_Exposure(t) at 15:00 on October 7, 2022, along with cyclone tracks over this 2-
day period as an example.
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Exposure Index at 07/10 305:00 (*1day track points)

180°

Figure 1. Normalized Exposure Index at 15:00 on October 7, 2022. Cyclone tracks are represented
by dots. Gray dots represent cyclone track points far from the sea ice edge (green dashed line),
while black dots indicate track points with sea ice within a 5° radius. Red dots mark the locations
of cyclones at 15:00 on October 7, 2022.

2.4 Different sea ice response

The SIC anomaly field is re-gridded around the cyclone centers using B-spline
interpolation to minimize the effects of meridional convergence in high latitudes. The SIC
anomaly at each timestep is calculated as the difference between SIC values one day before and
one day after. The mean SIC anomaly within 5° inward from the sea ice edge (indicated by the
green dashed line) is calculated for a box region located to the west and east of the cyclone
centers, as shown in Figure 2. This approach focuses on the main changes in the edge area and
accommodates varying sea ice shapes. Based on the dominant anomalies observed on both sides
of the cyclone, the cyclones are categorized into four groups: Both-I (SIC increase on both sides),
Both-D (SIC decrease on both sides), WI-ED (SIC increase in the west and decrease in the east),
and WD-EI (SIC decrease in the west and increase in the east). The SIC anomaly quantities for
each cyclone are shown in Figure S3. The SIC changes on either side of the cyclone can reach up
to 40%, with seasonal variations in the average SIC changes.
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(a) Both-D case (08/10 01:00)
e

(c) SIC anomaly (06/10 15:00 ~ 08/10 15:00)
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Figure 2. A schematic representation of four types of SIC responses to cyclones. (a) Both-D case
(SIC decrease on both sides); (b) WD-EI case (SIC decrease in the west and increase in the east);
(c) all cyclones with at least a 5% SIC anomaly from October 6 to October 8, 2022, with shaded
areas indicating the SIC anomaly during the same period; (d) Both-I case (SIC increase on both
sides); (e) and (f) WI-ED cases (SIC increase in the west and decrease in the east). The region
between the sea ice edge and the green dashed line is used to calculate the mean SIC anomaly
on the west or east flanks of cyclones. The intensity and path information for the five cyclone
cases are summarized in the table.

3 Results

3.1 Variations in Antarctic sea ice and Southern Ocean cyclones

Antarctic sea ice undergoes a natural cycle characterized by gradual expansion and rapid
retreat. The northward extension of the sea ice edge occurs from March to September, followed
by a poleward retreat from October to February of the following year (Eayrs et al., 2019). This
pattern results in a larger expanse of sea ice during winter (JJA) and spring (SON), and a smaller
coverage during summer (DJF) and autumn (MAM), as shown in Figure 3a-d. Notably, regional
differences exist in the seasonal shifts of sea ice extent. For example, the sea ice edge in the
Weddell Sea (60°W-0°), Lazarev Sea (0-14°E), and Ross Sea (158°E-170°W) experiences more
significant north-south seasonal variation compared to the 10 and WPO sectors. These regions
also exhibit larger standard deviations in the monthly positions of the sea ice edge (Figure 3g).
The movement of sea ice in these areas is significantly influenced by katabatic winds and barrier
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winds, which promote both sea ice production and export. However, their northward expansion
is constrained by the oceanic frontal zone and storms (Nghiem et al., 2016).

The feature density of Southern Ocean cyclones exhibits a circular pattern (Figure 3a-d),
gradually increasing from lower to higher latitudes. The highest cyclone frequency is observed
around 60°S, gradually decreasing closer to the Antarctic continent. Peak storm activity occurs in
the Indian Ocean and Western Pacific sectors year-round, consistent with the findings of Hoskins
and Hodges (2005). Additionally, both the location and intensity of the storm track exhibit
seasonal variation. During the retreat of sea ice (Figure 3c-d), the storm track shifts closer to the
Antarctic continent, with heightened cyclone activity along the coast. As the sea ice advances
(Figure 3a), the storm track shifts northward, particularly in the ABS and WS sectors, where it
extends as far north as 60°S and 55°S, respectively. However, in the 10 and WPO sectors, the
location of the storm track remains relatively stable year-round, centered around 60°S.

Therefore, it is not surprising that the north-south movement of storm tracks over the
Southern Ocean does not align with the expansion and retreat of the sea ice edge (Figure 3e).
The storm track axis intersects the sea ice edge twice in the RS, ABS, and western WS in May and
November, resulting in disparities in the number of cyclones (track points) located inside and
outside the sea ice edge. The largest positive difference is observed in the 0-110°E region during
MAM and remains positive year-round, while the central RS and ABS regions exhibit the largest
negative difference in ASO, along with a significant inconsistent shift in the storm track and sea
ice edge, with a relative distance ranging from -10° to 17° latitude. Note that this difference is
heavily influenced by the position of the storm track, as the positions of the storm track in the
WPO, ABS, and WS regions exhibit significant variability (Figure 3f), which is greater than that at
the sea ice edge.

Given that cyclones with varying relative distances may have different impacts on sea ice,
their relationship is also influenced by the differing proportions of cyclones inside and outside
the sea ice edge. Therefore, it is valuable to categorize cyclone tracks located close to the sea ice
edge, rather than considering cyclones spanning the entire Southern Ocean. The precise selection
and classification of sea ice-linked cyclones based on their relative distance from the sea ice
provide a new perspective on the trends and variations of cyclones associated with sea ice, in the
context of global warming and the poleward movement of storm tracks.
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Figure 3. (a—d) Seasonal feature density of Southern Ocean cyclones (shaded) and the mean sea
ice edge (SIC 2 0.15, green contour). Unit: per season. (e) (e) Monthly variation in the latitudinal
difference between the storm track axis (latitude of maximum density in each meridian) and the
sea ice edge at the same longitude, calculated as the former minus the latter. (f) Monthly
variation in the standard deviation of the storm track axis. (g) Monthly variation in the standard
deviation of the sea ice edge position. (h) The edge of the Anarctic continent.
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3.2 Trends of sea ice and ice-linked cyclones

The expansion of Antarctic sea ice might increases its interaction with mid-latitude
cyclones. Our analysis reveals that the average latitude of the full tracks of ice-linked cyclones,
as well as their tracks over ice, follows the trends of sea ice edge movement—showing a
northward shift before 2014 and a southward shift afterward. However, the trends in the average
latitude of cyclone genesis and lysis differ from those of sea ice (not shown).

Further examining the latitude of the sea ice edge (IEL) within each sub-region, we find
more pronounced trends before 2015 than over the entire period from 1980 to 2022 (Figure 4a).
Some significant trends from 1980 to 2015, such as the northward shift of IEL in the RS region,
lose their statistical significance when data is extended to 2022. However, the southward IEL
trend in ABS during DJF and MAM, as well as the northward trend in WPO (RS) during MAM (JJA),
remain significant after 2015, consistent with previous studies (Maksym 2018). Notably, the
largest northward trends in RS have weakened, while those in WS have reversed southward. IEL
trends in 10 and WPS are relatively small, indicating that inter-decadal variations in Antarctic sea
ice extent are primarily driven by the southward trend in ABS and the northward trend in RS.

Therefore, investigating the trend of ice-linked cyclones around Antarctica is crucial. In
Figure 4c, about 40% of the tracks of Southern Ocean cyclones will affect the sea ice and half of
them will enter the sea ice edge. The percentage is different across subregions but positive trends
are observed in the number of ice-linked cyclones in most regions (Figure 4b), particularly during
the MAM and DJF when the sea ice extent is relatively small (Figure 3a and 3d). The WS sector
exhibits the largest increase in cyclone numbers, while the RS has the smallest and non-significant
trend for all four seasons. Notably, the outside cyclones in the ABS region also have a significant
increasing trend in JJA and SON, which is not seen anywhere else in these seasons. Only the ABS
region exhibits a significant decreasing trend in the number of inside cyclones in MAM, which
might be associated with the southward trend of IEL in ABS. Predictably, the retreat of the sea
ice edge leads to a reduction in the number of cyclones within ice-covered areas. However, this
common assumption may not be true for the RS and WS regions. For example, the IEL in the WS
region shows a weak southward trend, yet there is still a positive trend in the number of inside
cyclones in this region, indicating cyclones may be moving southward in concert with the
southward-moving ice edge.

On a decadal timescale, increasing trends are observed in both the number of outside
and inside cyclones, while sea ice extent shows an increasing trend in the 10, WPO, and RS
regions, but a decreasing trend in the ABS and WS regions. Significant correlations are found
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only between the IEL and the number of inside cyclones (not shown), rather than with outside
cyclones. This suggests that no meaningful statistical relationship exists on a decadal timescale,
even though the cyclones were well-tracked and selected. Instead, the relationship between
cyclones and sea ice may be significant only on shorter timescales in specific regions. The
regional and seasonal variations in ice-linked cyclone characteristics and sea ice conditions
further complicate their relationship. Understanding both cyclone characteristics and regional
sea ice variability is essential for addressing this issue.
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Figure 4. (a) Trends in the latitude of the sea ice edge in each subregion from 1980 to 2015 (light-
colored bars) and 2022 (dark-colored bars). Positive (negative) values indicate a northward
(southward) shift trend. (b) (b) Trends in cyclone frequency inside and outside the sea ice edge
in each subregion from 1980 to 2022. Bars indicating significant trends are outlined in black (t-
test: 95% confidence level). (c) The blue line represents the percentage of ice-linked track points
at each meridian relative to all track points. The red line represents the percentage of track points
inside the sea ice edge.
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3.3 Features of ice-linked cyclones

According to the methods described in methods section, we investigate the
characteristics of cyclones by dividing them into inside and outside groups to compare the
differences between cyclones inside and outside the sea ice edge. Surprisingly, the number of
outside cyclones remains fairly consistent across various seasons in most regions, except for a
10% larger number in the WPO sector in MAM and the ABS sector in SON (Figure 5a). The
seasonal latitudinal shift of the sea ice edge appears to primarily impact the number of inside
cyclones (Figure 5e). Larger seasonal differences in the number of inside cyclones are observed
not only in regions with extensive sea ice (RS and WS) but also in areas with narrower sea ice
extent (10 and WPO).

Seasonal and regional differences also exist in the strength (MSLP minima) of cyclones
(Figure 5b). A similar double peak can be seen in the WPO and ABS sectors in JJA and SON.
Conversely, cyclones exhibit stronger intensity in JJA than in SON in the WS-IO sector. Summer
(DJF) cyclones are notably less intense than their winter (JJA) counterparts in general. Notably, a
single peak in cyclone intensity is observed in the ABS region for outside cyclones in summer,
indicating that the cyclones here maintain stronger strength throughout the year. Furthermore,
the significant positive trend in the number and strength of cyclones in the ABS region, along
with their increased southward movement speed, may contribute to the notable decline in sea
ice in this region compared to others (Figure 4a).

In addition to the sea ice response to the number and strength of cyclones, sea ice may
also respond to varying cyclone translational speeds and trajectories. Slow-moving cyclones tend
to engage with sea ice over extended durations, resulting in more pronounced dynamic and
thermal effects on the ice. Outside cyclones generally move at speeds within a range of 7-18 m/s
(Figure 5c). The mean speed, partially dependent on the number of cyclones, also shows regional
and seasonal differences. The highest mean speeds manifest at 160°E during winter. The peaks
of the mean speed align with regions where sea ice extends northward, such as the Drake Passage
and Prydz Bay. Cyclones west of the Antarctic Peninsula typically have low speed and a larger
northward component in their motion. Most of them accelerate when they pass through the
Drake Passage and then turn southward (Figure 5d). The largest southward component appears
at 110°E, coinciding with peaks in number and strength. This implies that cyclones in this region
are more likely to intrude extensively into the sea ice, thereby imposing a more severe impact on
the ice. Another area that may have a severe impact is located in the ABS area, where cyclones
have large strength, slow speed, and large southward moving direction.

The seasonal variation of the sea ice edge has a great impact on the average feature of
inside cyclones, especially in the regions that have wide sea ice areas such as the RS, WS regions,
and Prydz Bay (Figure 5e). The large number of inside cyclones in these regions may weaken the
peak value of cyclone features, especially for the mean speed and southward component of
moving direction. Generally, their speed is also slower entering the sea ice edge due to the
influence of the continent and the circumpolar easterly winds (Figure 5g). Similar to outside
cyclones, there is an acceleration in the speed of inside cyclones west of the Antarctic Peninsula
accompanied by a pronounced northward motion component. Another northward passage
occurs around the primary meridian, beyond which most cyclones move south (Figure 5h). The



478
479
480
481
482
483
484
485

486

487
488
489
490

manuscript submitted to Journal of Geophysical Research: Atmospheres

three peaks of the number of inside cyclones around 160°E, 170°W, and 45°W correspond to the
three main cyclogenesis regions along the coast (Figure 5e), accompanied by frequent cold air
outbreak events and strong katabatic winds (Parish & Cassano, 2003; Bromwich et al., 2011;
Papritz et al., 2015). In other regions, the difference in numbers between JJA and DJF is mostly
attributed to the expansion of the sea ice extent. Except for the larger numbers than outside
cyclones, the intensity of inside cyclones also has two peaks around 90°E and 130°W and they
last for two and three seasons respectively (Figure 5f). Cyclones within the narrow sea ice band
in the I0-WPO sector do not have enough time and space to reach higher intensities in MAM.
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Figure 5. Meridional-mean values of (a & e) cyclone count, (b & f) strength, (c & g) speed, and (d
& h) moving direction (northward component) for ice-linked cyclones outside the sea ice edge
(a-d) and inside the sea ice edge (e-h) during MAM (yellow line), JJA (blue line), SON (green line),
and DJF (red line). Only smoothed results using a 30-point moving average are shown. Significant
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3.4 Index of sea ice exposure to cyclones

To comprehensively analyze the seasonal and regional relationship between cyclones and
sea ice, an exposure index has been developed to assess the impact of cyclones on sea ice (Data
and Method 2.3). The index accounts for the number and strength of passing cyclones, the
interaction time between sea ice and cyclones, and the local SIC. Typically, sea ice in areas with
low SIC and frequent cyclone activity, such as the marginal ice zone (MIZ: 0.15 < SIC < 0.75), is
more susceptible to severe impact by cyclones. Therefore, a high-exposure belt is expected along
the sea ice edge in all four seasons, although seasonal and regional differences exist.

The highest exposure value is observed in the WPO sector, driven by the local feature of
a larger number of slow-moving cyclones and the largest southward component in their
movement direction (Figure 5a-d). The interaction time increases when there are a large number
of slow-moving cyclones (Figure 6e-h). Cyclones with greater strength are likely to be more
destructive to sea ice, particularly in the MIZ. When cyclones move across the sea ice edge and
enter the interior of the sea ice cover where SIC > 0.9, the exposure index decreases despite
longer interaction times and higher mean cyclone strength. This can be seen in the RS and WS
basins typically (Figure 6j-k). Slow-moving cyclones near the coast also increase the interaction
time. The exposure index in the RS and WS regions shows similar seasonal variations. Due to the
rapid retreat of sea ice in these two regions during DJF, more low-density ice areas emerge,
leading to a wider high-exposure area instead of a narrow belt seen in other seasons (Figure 6d).

The condition of the sea ice strongly influences the index. The Antarctic sea ice has a rapid
growth in MAM and a decline in DJF. In these two seasons, the exposure value is higher than that
in JJASON because more grid points with low SIC in MAM may be easily affected by the cyclones.
In general, SIC dominates the seasonal variation of the exposure index, while cyclones dominate
the regional differences in the exposure index. However, this is not an absolute conclusion. For
example, the small number of summer cyclones results in a lower exposure index in the MIZ
during DJF compared to other seasons, while the thick, old ice in the frontal ice zone of the RS
protects the sea ice from further cyclone impacts during JIA. Although cyclones with different
characteristics in different seasons cause significant differences in mean strength over sea ice
and interaction time, the response in the range and depth of high exposure in the MIZ is limited
after considering sea ice concentration. This variation in the exposure index may help explain
why the relationship is regional and seasonal, as well as identify the most noteworthy season for
each subregion.
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527  Figure 6. Panels (a—d) show the seasonal distributions of the normalized exposure index. Panels
528  (e—h) present the mean normalized interaction time, calculated by dividing by 48 hours for +1-
529  day periods. Panels (i—l) display the mean strength of these cyclones. Each row corresponds to a
530 different season, with season markers indicated on the far left.

531
532 3.5 SIC responses to cyclones
533 Following the analysis of cyclone characteristics and sea ice exposure above, regional and

534  seasonal differences in the exposure of sea ice to cyclones have been identified. However, it
535  remains uncertain whether the passage of a cyclone will lead to an increase or decrease in local
536  SIC. To address this, it is necessary to examine the cumulative impact of each cyclone on the local
537  seaice using aSIC anomaly field around the cyclone center over a 1 day period. Given the limited
538 movement of the cyclone, sea ice anomalies within 1 day can mainly be attributed to the cyclone
539 itself. September ice-linked cyclones are selected for this composite analysis to mitigate the
540 influence of seasonal sea ice growth/retreat and missing values over land on the results. These
541  cyclones are categorized based on positive and negative sea ice anomalies on their eastern and
542  western sides (Data and Method 2.4).
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Figure 7. Composite results (shaded) of isolated cyclones in September, categorized as (a) Both-
I, (b) Both-D, (c) WI-ED, and (d) WD-EI sea ice anomalies within +1 day. Track density is outlined
in black contours, and cyclone centers are marked with green dots. The adjacent wind rose chart
illustrates cyclone intensity (MSLP) and movement direction. The number of cyclones included in
the composite analysis is indicated in square brackets in the title.

The composite focuses on isolated cyclones to avoid the influence of additional cyclones
upstream or downstream on the composite results. Figure 7 shows the SIC composite results for
four types of cyclones and their track features. On average, an isolated cyclone causes an
anomaly of up to +40% in SIC within two days, with significantly large anomalous values at the
sea ice edge. In general, cyclones have a greater impact on the sea ice edge than on the interior,
manifested by southward movement and extrusion of sea ice on the east side and northward
movement with internal ice growth on the west side of the cyclone center. This results in a
positive SIC anomaly on the west side and a negative SIC anomaly on the east side (WI-ED), with
thermodynamic effects from the cyclonic circulation further reinforcing this pattern. The cyclone
path influences the shape of the sea ice edge and anomaly distribution, with different paths
observed in various cases (e.g., NW-SE path for Both-D and WI-ED cases, W-E path for Both-I and
WD-EI cases).

The wind rose chart indicates that WI-ED cyclones are significantly stronger than Both-D
cyclones during their interaction with sea ice, with nearly half of the time steps showing
intensities below 970 hPa and one-third below 960 hPa. This strength difference explains the
positive anomaly on the west side of WI-ED cyclones but not Both-D cyclones, even though both
have similar NW-SE paths moving towards the interior of the sea ice (Figure 7b and 7c). A stronger
WI-ED cyclone can drive more intense cold advection towards the equator on the west side
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(Figure 8c), leading to rapid sea ice growth. In contrast, the weaker Both-D cyclone lacks favorable
conditions for sea ice growth on its western side. There is either no or weak cold advection and
less surface sensible heat flux (SSHF) on the western side of the Both-D cyclone (Figure 8b and
8f). In terms of maximum wind speed and significant wave height, the distribution pattern is
similar for both cyclones, differing primarily in intensity (Figure 8i-j and 8n-0). Thus, it is
reasonable to infer that along an NW-SE path, a strong cyclone most likely induces a WI-ED sea
ice response, while a weak cyclone typically results in a Both-D response. The key factor
distinguishing them is the strength of cold advection and negative SSHF on the western side. Both
have large warm advection and positive SSHF on the eastern side, which distinguishes them from
the other two types of cyclones.

Comparing the Both-I and WD-EI cases, Both-I generally follows a W-E path (Figure 7a).
Along this path, the negative anomaly on the eastern side is partially offset by the positive
anomaly from offshore winds on the western side as the cyclone moves eastward, resulting in an
east-west increasing anomaly pattern over two days. As the cyclone moves eastward, the original
negative anomaly on the eastern side is offset. In terms of sensible heat flux, only the western
side exhibits a larger negative sensible heat flux, while the eastern side is close to 0 (Figure 8e).
These results are opposite to those observed in Both-D cyclones (Figure 8f). The WD-EI cases also
follow a W-E path but have more northward components (Figure 7d). Most WD-EI cases have
their genesis at the sea ice edge and move eastward afterward, resulting in significantly more
trajectory points on the eastern side than on the western side. Hence, the negative anomaly on
the western side may not be attributed solely to the cyclone itself. In Figure 8d, the range of cold
and warm advection for this cyclone type is much smaller than that for the other three types.
These cyclones, which develop by baroclinicity from air-ocean temperature differences at the ice
edge, are typically small- to mesoscale, with weaker intensity (Figure 7d) and cause the smallest
wind speeds and lowest wave heights among the three types (Figure 8l and 8p). This also raises
the question of whether such an abnormal WD-EI response is caused by the cyclone itself or the
background circulation, as evidenced by the stronger warm advection on the left and cold
advection on the right outside the cyclone's circulation, compared to the cyclone itself (Figure
8d).
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Figure 8. Composite results (shaded) of environmental factors for different types of isolated
cyclones in September. Panels (a—d) depict temperature advection at 10m, while panels (e—h)
illustrate surface sensible heat flux. Panels (i—I) present wind speed at 10m, and panels (m—p)
display significant wave height. Cyclone centers are marked with black dots.

4 Discussion

By categorizing cyclones based on SIC anomalies in this study, we provide a reasonable
explanation for the weak correlation between Antarctic sea ice and cyclones on interannual and
decadal scales. The relationship between cyclones and sea ice varies annually due to the differing
proportions of the four types of SIC anomalies among cyclones. It is not straightforward to predict
whether sea ice will increase or decrease abnormally in years with unusually high or low cyclone
activity. The annual cycle of cyclone impacts on SIC is influenced by variations in cyclone intensity
and the sea ice conditions they traverse (Aue et al., 2023a). A high number of cyclones does not
necessarily indicate extreme sea ice extent. However, case studies on the relationship between
cyclones and extreme sea ice reduction events (e.g., Turner et al., 2017; 2022 in Antarctica;
Simmonds and Rudeva, 2012; Zhang et al., 2013 in the Arctic) provide confidence in continuing
to explore this relationship. At the very least, they allow us to summarize differences in cyclone
characteristics and transport factor fields during the early stages of extreme sea ice years. This is
particularly important in the context of global warming and the recurring record lows in Antarctic
sea ice. Future research can begin by examining seasonal changes in sea ice. Based on previous
findings, the circumpolar trough can influence sea ice growth (Eayrs et al., 2019), while cyclone
location and local wind fields can drive extreme changes in local sea ice (Wang et al., 2014). In
our other studies, we have found a relationship between the monthly advance speed of the sea
ice edge and the number of the four types of cyclones. However, it remains necessary to quantify
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Further investigation of the relationship between cyclones and extreme sea ice requires
careful screening of cyclones based on their characteristics, including their paths and intensities
as well their wind speed and direction.

; Only eastward-moving cyclones were selected in our study because they accounted
for 75% of all track points and had a significant increasing trend. In fact, the influence of different
directions of the cyclone on the anomalous sea ice concentration is , because its
asymmetrical wind field structure is accompanied by asymmetrical swells. In addition, the speed
of the cyclone may cause different sea ice anomalies. The fast eastward moving cyclone may have
little effect on sea ice, the positive sea ice anomaly caused by the offshore wind to the west will
offset the negative sea ice anomaly caused by the onshore wind to the east at the previous
moment, and the final accumulation will be a small impact.

Therefore, we are interested in whether slow and strong cyclones and cyclone
clusters cause long-term changes in sea ice, since the number of such cyclones may have a
stronger relationship with the extreme sea ice extent events. It is quite challenging to identify
which of cyclones lead to long-term changes in sea ice, resulting in extreme SIE events
in the following month or season, and finding reasonable physical mechanisms for this
correlation should be a focus of future work.

5 Conclusions

The sea ice around Antarctica undergoes a natural cycle of expansion and retreat, with
larger areas covered by sea ice during winter (JJA) and spring (SON), and smaller areas during
summer (DJF) and autumn (MAM). Regional variations exist in the positioning of the sea ice edge,
particularly in the Lazarev Sea and the Ross Sea, where significant north-south variations are
observed. Meanwhile, the of Southern Ocean cyclones follow a circular pattern, with the
highest frequency observed around 60°S. The storm track shifts closer to the Antarctic continent
during the sea ice retreat period (ONDJF) and extends northward during the sea ice advance
period (MAMJJAS). However, the south-north shift of the storm track does not coincide with the
expansion and retreat of the sea ice edge, resulting in disparities in the number of track points
inside and outside the sea ice edge. Here, we show that both inside and outside cyclone track
points exhibit an increasing trend on a decadal timescale, although the increasing trend of sea
ice extent reverses after 2015. The correlation coefficient analysis further reveals no significant
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relationship between the number of outside cyclones and the latitude of sea ice edge on a long-
term timescale. The shifting sea ice edge mainly affects the number of track points within the ice
edge, while the number of track points outside remains similar across most seasons. The strength
of cyclones also varies between regions and seasons, with wider sea ice areas allowing for further
development and longer lifetimes of cyclones inside the ice edge. The speed and direction of
cyclone movement should also be considered in the study of the relationship between cyclones
and sea ice.

Therefore, an exposure index was designed based on the features of cyclones, local sea
ice conditions, and the interaction time between them. A high-exposure belt exists along the sea
ice edge throughout the year. Regions with low SIC and frequent cyclones are more susceptible
to cyclone impacts. Regional and seasonal variations in the exposure index can be explained by
the features of cyclones. For example, the highest exposure occurs in the WPO sector due to local
cyclones with larger numbers, slower speeds, and southward movement. Generally, cyclones
with slower speeds have a greater impact on sea ice due to longer interaction times. The
exposure index map helps explain the regional and seasonal relationship between cyclones and
sea ice, highlighting noteworthy seasons for each subregion.

On this basis, we further focus on the response of SIC to cyclones at the sea ice edge. On
average, isolated cyclones can induce +40% SIC anomalies within two days, particularly at the sea
ice edge. Along the same NW-SE path, stronger cyclones drive intense cold advection, causing a
WI-ED response, while weaker cyclones result in a Both-D response due to favorable conditions
for west-side sea ice growth. The W-E path of cyclones produces a Both-| response, with the
negative anomaly on the eastern side of the cyclone offset by the positive anomaly after the
cyclone passes through. In general, SIC anomaly distribution depends on the cyclone path,
intensity, and environmental factors such as temperature advection and surface sensible heat
flux. This provides a new perspective on short-term changes in sea ice driven by cyclones.

Overall, the variations in Antarctic sea ice and Southern Ocean cyclones are complex and
interconnected. The impact of cyclones on sea ice throughout their entire life cycle is ,
depending on the characteristics and conditions of the sea ice below. Understanding the
dynamics and interactions between sea ice and cyclones, including the impact of cyclones on
ocean and sea ice properties, is crucial for accurately assessing their effects on sea ice extent and
variability. The trends in the number of cyclones and the latitude of the sea ice edge show
significant seasonal and regional variation, as does the proportion of cyclones outside and inside
the sea ice edge. The findings presented here provide valuable insights into these relationships,
which can contribute to understanding recent trends and variability in Antarctic sea ice, its
seasonal and regional characteristics, and the future effects of global warming and the poleward
shift of storm tracks on Antarctic sea ice.
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