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Abstract. The Antarctic marginal ice zone (MIZ) is the transitional region between the Antarctic sea ice edge and the con-

solidated ice cover, which is characterised by the presence of ocean surface waves and relatively small ice floes, and is a

region where atmospheric and oceanic processes strongly influence sea ice dynamics. Extratropical polar cyclones intensify

these processes by amplifying wave activity, transporting heat and moisture, and driving sea ice drift across the MIZ. Here, the

CICE sea ice model with a wave propagation module is used at a 0.25◦ resolution to analyse statistically the impact of ∼4005

cyclones on the location of the Antarctic ice edge and MIZ width. Cyclone-driven winds cause sudden shifts of ∼20 km in

the ice edge location, through both compaction and expansion, with expansion events more effective in early winter and com-

paction later. MIZ widening is primarily driven by short-lived, major wave-induced breakup events, which increase the MIZ

width by ∼30 km on average, with greater breakup associated with greater widening. Extreme ice edge changes result from

the combined influence of sea ice drift and thermodynamics, whereas extreme MIZ width changes are primarily governed by10

the presence or absence of wave activity. These findings highlight the varied yet pronounced responses of the Antarctic MIZ to

extratropical cyclones and underscore the critical role of waves in shaping the boundary between the MIZ and the consolidated

ice pack, reinforcing the need to account for wave impacts in future studies.

1 Introduction

The Antarctic marginal ice zone (MIZ) is the outermost region of the Southern Ocean sea ice cover, situated between the15

sea ice edge and the consolidated inner ice pack, and where energetic long-period swell from the Southern Ocean regularly

influence sea ice properties over tens to hundreds of kilometres (Kohout et al., 2014; Bennetts et al., 2024). The MIZ is also

characterised by a unconsolidated, granular ice cover, containing relatively small, thin ice floes, which is largely due to wave-

induced breakup of larger ice floes and wave action preventing newly formed floes from consolidating (Vichi et al., 2019;

Alberello et al., 2020). In particular winter, when the Antarctic MIZ is at its widest (Brouwer et al., 2022; Fraser et al., 2025),20

the MIZ is dominated by pancake ice floes, separated by brash and frazil ice (Alberello et al., 2019). Owing to its distinctive

ice cover, the MIZ modulates momentum and heat exchanges between the atmosphere and ocean (Vihma et al., 2014; Renfrew

et al., 2021; Tersigni et al., 2023), shaping the seasonal evolution of the Antarctic sea ice system (Eayrs et al., 2019; Hobbs

et al., 2024) and playing a key role in both the advance and retreat of the ice edge (Kimura et al., 2022; Himmich et al., 2023).
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The location, width and ice properties of the Antarctic MIZ exhibit substantial variability (Bennetts et al., 2022a; Massom25

et al., 2025; Fraser et al., 2025), which is associated with its unique ice properties – thin, small, and unconsolidated floes –

that enhance physical processes such as elevated melt rates (Horvat et al., 2016; Bennetts et al., 2017; Day et al., 2024) and

rapid ice drift driven by winds (Alberello et al., 2020; Womack et al., 2022, 2024; Day et al., 2024). Extratropical cyclones,

which are more frequent in winter than summer (Simmonds and Keay, 2000a), intensify these processes by transporting

heat and moisture to high latitudes (Simmonds and Keay, 2000b), while generating powerful winds and large waves (Vichi30

et al., 2019; Alberello et al., 2022). Cyclones can induce intense rotational drift of sea ice across spatial scales of several

hundred kilometres within only a few days (de Jager and Vichi, 2022), while simultaneously generating waves that fracture

the consolidated inner ice pack (Doble and Bidlot, 2013; Kohout et al., 2016), thereby expanding the MIZ (Vichi et al., 2019).

Nevertheless, the contributions of cyclone-enhanced processes in determining the width of the Antarctic MIZ remains poorly

quantified. Advancing this understanding is critical, as climate projections indicate a stormier Southern Ocean and a greater35

occurrence of extreme wave events (Meucci et al., 2020; Young et al., 2020).

Most research concerning cyclone impacts on sea ice has examined major ice-loss events, with a strong focus on the Arc-

tic (Kriegsmann and Brümmer, 2014; Wang et al., 2020; McGraw et al., 2022), motivated by observational case studies demon-

strating their strong influence on sea ice concentration and their potential contributions to the rapid decline of Arctic sea

ice (Brümmer et al., 2008; Holland et al., 2008; Asplin et al., 2014). Recent studies have increasingly highlighted the role of40

cyclones in driving key Arctic MIZ processes (Smith et al., 2018; Clancy et al., 2021; Blanchard-Wrigglesworth et al., 2022;

Mundi and L’Ecuyer, 2024). In the Southern Ocean, cyclone activity has been linked to synoptic-scale variations in Antarctic

sea ice extent near the ice edge (Matear et al., 2015; Schroeter et al., 2017; Hepworth et al., 2024). However, understanding

of the role of waves in these processes remains limited, relying largely on isolated observations of large waves penetrating

long distances into the Antarctic sea ice during cyclone events (Vichi et al., 2019; Alberello et al., 2022; Jena et al., 2022).45

The reliance on sparse measurements leaves a critical gap in quantifying the frequency, intensity, and impacts of MIZ-specific

wave–ice interactions on Antarctic sea ice (Bennetts et al., 2022a).

Evidence from Arctic studies shows that cyclones can drive sea ice divergence near the ice edge, where the MIZ meets

the open ocean. Depending on the season, this can either enhance melting (Zhang et al., 2013; Kriegsmann and Brümmer,

2014) or promote ice-edge advance (Smith et al., 2018). More subtle impacts have also been reported, including suppressed50

ice growth (Graham et al., 2019) and slowed ice loss (Finocchio et al., 2020), which complicate interpretations further. The

magnitude of these impacts on sea ice concentrations (and consequently the ice edge location) are strong, yet they exhibit

opposing effects on either side of the cyclone. It follows that averaging over large spatial domains may obscure the true

magnitude of these contributions (Clancy et al., 2021).

The complexity of processes heightened by cyclone activity makes dynamic–thermodynamic numerical models, such as the55

Community Ice CodE (CICE; Hunke et al., 2021), powerful tools for quantifying impacts, as they resolve many relevant pro-

cesses explicitly. Earlier versions of CICE have been used to simulate cyclone-driven rapid ice loss events in the Arctic (Clancy

et al., 2021; Lukovich et al., 2021; McGraw et al., 2022), while the latest major release (version 6) incorporates key MIZ dy-

namics, including wave-induced breakup, pancake ice formation, and lateral melt (Roach et al., 2019). These processes govern
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the evolution of a floe size distribution (FSD; Horvat and Tziperman, 2015; Roach et al., 2018a), which is a critical indicator60

of MIZ-like conditions, such as the presence of waves (Dumont, 2022; Day et al., 2024).

In this article, we use CICE6 with a waves-in-ice module to study the response of Antarctic sea ice to the extratropical

cyclones that cross the MIZ. Building on previous studies, we analyse hourly outputs in track-localised domains to capture

the contributions of the rapid processes that impact the Antarctic MIZ (Vichi et al., 2019; Clancy et al., 2021; Blanchard-

Wrigglesworth et al., 2022; Mundi and L’Ecuyer, 2024). We use a dataset of cyclone tracks (Phillips, 2020) to identify areas of65

the MIZ impacted by cyclones. Our analysis focusses on the evolution of sea ice properties in the MIZ and the changes in the

location of its boundaries, which determine its width, driven by three primary processes: thermodynamic processes (melting

and freezing of sea ice), sea ice drift, and wave-induced ice breakup. The processed catalogue of 396 cyclone tracks enables a

two-part study: (i) case studies on the roles of thermodynamics, ice drift, and waves (§3); and (ii) a statistical analysis of the

expected and seasonal responses of the MIZ width, including the location of the ice edge (§4). The latter includes conditions70

that promote different responses in the MIZ and attribution of extreme MIZ changes to processes. Together, these findings

provide novel insights into the roles of sea ice thermodynamics and dynamics (including waves) in shaping the outer margins

of the Antarctic sea ice cover.

2 Methods

2.1 Numerical Sea Ice Model (CICE6-WIM)75

This study uses the CICE6 numerical sea ice model with a waves-in-ice module (CICE6-WIM). CICE6 (version 6.2.0) evolves

the thickness, h, and floe size (radius), r, as a joint distribution, f(x, t;r,h), through space, x, and time, t. Given a floe size

and thickness, the areal sea ice concentration is given by f(r,h)drdh (Roach et al., 2018a), where dr and dh correspond with

the width of the respective floe size and thickness categories.

Sea ice area in CICE6 is evolved through the governing equation (Horvat and Tziperman, 2015)80

∂f(r,h)
∂t

=−∇ · (f(r,h)u) +LT +LM +LW

where the terms on the right-hand side correspond with advection, thermodynamics, mechanical deformation, and wave-

induced processes, respectively. The horizontal velocity of sea ice, u, is solved by a 2D momentum equation (Hibler III,

1979) with an elastic-viscous-plate rheology (Hunke and Dukowicz, 1997).

Sea ice loss through thermodynamic processes occurs via three modes: basal, surface (top), and lateral melt. In contrast,85

thermodynamic ice growth is classified as either frazil or congelation, which contribute to increases in sea ice area (through

lateral growth and new floe formation) or thickness, respectively. Waves impact the floe size distribution by breaking existing

floes into smaller fragments and by limiting the size of newly formed floes (Roach et al., 2019; Shen et al., 2001; Horvat and

Tziperman, 2015). Mechanical processes, however, do not directly affect the floe size distribution.

The WIM propagates waves southward along meridional lines into the Antarctic ice cover on an hourly timescale. Significant90

wave height, Hs, and peak period, Tp, are taken from a WAVEWATCH III hindcast (Smith et al., 2021) and the spectral density
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function, S(ω), is initialised according to a Bretschneider spectrum (Bretschneider, 1959)

Sin(ω) =
5

32π
H2
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where ω = 2π/T is the angular wave frequency. The propagated wave spectrum at cell i, denoted Si(ω), is exponentially

attenuated through the ice cover (Golden et al., 2020; Bennetts, 2025), so that95

Si(ω) = Sin(ω)e−aiceα(ω)∆x,

the attenuation coefficient α(ω) = c1ω
2 + c2ω

4 is derived from the empirical model of Meylan et al. (2014) and scaled by the

areal ice concentration, aice. The distance from the ice edge to cell i is given by ∆x. The WIM neglects both directional wave

propagation as well as wave generation within the sea ice.

2.2 Model Configuration100

The simulation is conducted on a tripolar medium resolution grid for 2005–2018, where the first five years (2005–2009)

is discarded to allow the model to spin-up. The resolution of 0.25◦ (latitude–longitude) is chosen to capture the mesoscale

to synoptic scale response of the MIZ to the most intense cyclones (e.g., Vichi et al., 2019), which typically range from

3–6◦ in latitude (Uotila et al., 2011). Atmospheric forcing is provided by JRA55-do 1.4.0 (Tsujino et al., 2018), oceanic

forcing by ACCESS-OM2 (Kiss et al., 2020), and wave forcing by the CAWCR Wave Hindcast reanalysis (Smith et al.,105

2021). Atmospheric and oceanic data are interpolated onto the model timestep (one hour) from their native 3-hourly and

monthly frequencies, respectively. The wave forcing is available at an hourly resolution, and, hence, is used without need for

further temporal interpolation. Horizontally, atmospheric and wave datasets are interpolated from resolutions of 0.5◦ and 0.4◦,

respectively, to match the model grid of 0.25◦. The CAWCR Wave Hindcast is forced with surface winds and sea ice fields

from the Climate Forecast System (version 2; Saha et al., 2014). Hourly model outputs from July to November of 2015–2018110

are analysed, generating 4.5 TB of data. The analysis of hourly outputs at synoptic scales is chosen to capture the sensitivity of

cyclone-driven sea ice processes near the cyclone centre (Clancy et al., 2021), during months when intense cyclones have been

observed to impact the MIZ (Vichi et al., 2019).

2.3 Cyclone Identification

The cyclone track dataset from Phillips (2020) is used to identify the times and locations where cyclones pass over the Antarctic115

MIZ. The dataset was generated using the University of Melbourne cyclone tracking algorithm (Keay et al., 2020) applied to

6-hourly ERA-Interim reanalyses (Dee et al., 2011) from 1979 to 2018, and has been widely used in previous studies of sim-

ilar scope (Sprenger et al., 2017; Clancy et al., 2021; Blanchard-Wrigglesworth et al., 2021). Here, extratropical cyclones are

identified based on selection criteria requiring genesis north of 60◦ S, and classification as “strong closed” by the tracking al-

gorithm, which means each cyclone exhibits a well-defined closed sea level pressure depression with strong vorticity (see Keay120

et al., 2020). Since stronger cyclones are more consistently identified across reanalyses (Grieger et al., 2018), this restriction

enhances the robustness of the selection. To exclude larger systems, which are generally less intense (Uotila et al., 2011), only
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Figure 1. Process of selecting cyclone tracks from the cyclone track dataset (Phillips, 2020). The number of cyclone tracks is selected to

ensure that only well-defined storms interacting with the Antarctic sea ice edge are considered. †Tracks with mean sea level pressures which

disagree with JRA55-do by more than 10 hPa are also discarded.

cyclone tracks that at any time come within 600 km of the CICE6-WIM modelled ice edge are considered. This threshold has

previously been shown to be effective for identifying relationships between cyclones and atmospheric anomalies (Hepworth

et al., 2022) and sea ice variability (Hepworth et al., 2024). To define a trajectory, each cyclone track is required to persist for125

at least 24 hours (four track points), which identifies more intense cyclones, characterised by lower central pressure minima

and a greater Laplacian of central pressure (i.e., factors used in the strength criteria of Keay et al., 2020). The cyclone track

selection technique was evaluated against cyclone statistics to ensure that it did not introduce biases in spatial distribution,

central pressure, or cyclone radius (not shown).
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2.4 Forcing Data Preparation and Consistency Analysis130

CICE6-WIM outputs are used to investigate the evolution of the Antarctic ice edge and MIZ width in response to the crossing

of cyclones. For each cyclone, sectors with arc lengths of approximately 580 km (or 21 grid cells wide) are selected around the

location where the cyclone intersects the modelled ice edge (referred to as the “cyclone crossing location"), meaning that these

sectors are fixed in space. Each subdomain is analysed over the duration of the corresponding cyclone.

To align with the CICE6-WIM timestep, JRA55-do is linearly interpolated to an hourly frequency. Consequently, cyclone135

tracks are also interpolated to map the 6-hourly cyclone positions onto the model outputs. For each track, a sector of the

sea ice is targetted that will be exposed to a polar cyclone at a given time. The minimum sea level pressure from JRA55-do

determines when the cyclone crosses the ice edge. In other words, the track informs our method of the cyclone location, but the

atmospheric forcing is used to derive the time the cyclone crosses the ice edge. Following this identification, the cyclone track

dataset becomes redundant, as it only serves to inform the sectors and times where a cyclone crossing is likely. Therefore, all140

atmospheric fields presented are from JRA55-do.

As mentioned earlier, JRA55-do is used to force the atmospheric conditions in CICE6-WIM, while the wave hindcast

produced by CAWCR is based on the Climate Forecast System version 2 (CFSv2) reanalysis (Saha et al., 2014). Thus, a

comparison is conducted between JRA55-do and CFSv2 to assess the consistency between the two sources of atmospheric

forcing. Figures A1–A3 in Appendix A show strong agreement in sea level pressure and moderate consistency in the wind145

components. The results in Sections 3–4 are intended to be considered in the context of wave-induced breakup coinciding with

cyclones crossing the MIZ, rather than the contribution of the cyclone-generated waves on the breakup of sea ice.

2.5 Quantifying the Antarctic Marginal Ice Zone Extent

The outer MIZ boundary (ice edge) is identified using the standard 15% sea ice concentration threshold, such that ai ≥ 0.15,

where ai denotes the areal sea ice concentration obtained by integrating f(r,h) over all considered radii,R, and thicknesses,H.150

The inner MIZ boundary (transition to consolidated ice pack) is identified using a representative floe size threshold, ra < 100 m,

where (Roach et al., 2018a)

ra =
1
ai

∫

R

∫

H

rf(r,h)dhdr. (1)

For each longitude and time, the width of the Antarctic MIZ, d100, is calculated along the meridional transect (indexed by

j) from the grid cell corresponding to the outer boundary, c15, to the cell correspondiung to the inner boundary, c100. Thus,155

d100 =
c100∑

j=c15

∆xj ,

where ∆xj denotes the meridional length of a grid cell at location j. The MIZ widths produced from this definition are reason-

ably consistent with more sophisticated definitions over winter–spring (e.g., Day et al., 2024, see comparison in Appendix B

Fig. B1). Differences appear at the end of November, indicating the limited use of such a simple method.
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3 Case Studies160

3.1 Cyclone-Induced Heat Advection and Resulting Sea Ice Thermodynamics

A cyclone crossing the sea ice in the Bellingshausen Sea between 2 and 8 August 2015 is illustrated in Figure 2. The cyclone

intensifies as it approaches the ice-covered region, with central pressure dropping from 960 to 930 hPa over 24 hours. The

cyclone reaches its minimum pressure at the time of the crossing, which is accompanied by a steepening pressure gradient,

as indicated by the compacted isobars. Sea ice in the MIZ is thin (∼0.15 m), with concentrations around 80% at the time of165

the cyclone crossing (see Appendix C, Fig. C1). Warm surface air advects over the sea ice (Fig. 2a–c), raising the surface

temperature above the melting point (Fig. 2d–f) and heating the ocean surface. At this time, ice concentrations near the ice

edge are low (∼40%), allowing enhanced ocean heat uptake and driving melt from both above and below the ice. The warming

contributes to the retreat of recently formed ice (less than three weeks old), evidenced by an increase in average ice age of

about one week over a two-day period. Following the cyclone crossing, surface temperatures cool, leading to substantial new170

ice formation and an increase in ice concentration near the ice edge from 40% to 70%.

In the MIZ near the cyclone, basal melt is the primary mode of ice loss, occurring when sea ice surface temperatures exceed

the melting point prior to the cyclone’s arrival at the ice edge (red shading in panel g). Basal melt exhibits periodic peaks

that coincide with solar insolation, highlighting a diurnal signal in the MIZ’s thermodynamic response. After the cyclone

crosses the ice edge, surface temperatures decline, promoting new ice formation through both frazil and congelation processes175

at comparable rates. During the cyclone passage, the ice edge from 60.4◦ S to 61.1◦ S, while the inner MIZ boundary moves

southward by only 0.4◦ (panel h). The retreat and subsequent rebound of the ice edge closely track periods of net ice melt

and growth, respectively (red and blue shading in panel g), underscoring the role of thermodynamics in controlling ice edge

location.

3.2 Rapid Expansion of the Ice Edge from Sea Ice Drift180

From 2 to 9 August 2016, a cyclone travels across the Amundsen and Bellingshausen Seas, intersecting the ice edge near

86◦ W (Fig. 3a–c). Sea ice in this region is relatively thick (∼0.8 m) and at high concentrations (∼95%), effectively insulating

the ocean from elevated air temperatures (see Appendix C, Fig. C2). As in the previous case, the cyclone intensifies while

approaching the ice edge, reaching a minimum central pressure of 950 hPa. The cyclone, along with a secondary storm near

∼140◦ W, generates strong negative vorticity, which drives sea ice motion (Fig. 3d–f).185

Unlike the previous case study, the cyclone follows a steady southward trajectory, approaching the Antarctic coastline. Its

relatively linear path produces a clear division in sea ice drift within the MIZ, with southward drift on the eastern side and

northward drift on the western side (Fig. 3g). The direction and magnitude of the meridional drift are closely aligned with

the wind field (Fig. 3h). Wind-driven drift patterns persist both before and after the cyclone crossing, with southward drift

preceding the event and northward drift following it. Shaded regions denote periods of consistent wind direction lasting at least190

six hours (within two days of the crossing) and capture the transition from on-ice to off-ice winds.
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Figure 2. CICE6-WIM results for the impact of an extratropical polar cyclone on Antarctic sea ice melt and formation at ∼280◦ E from

2 to 9 August, 2015. (a–c) Forcing air temperature maps at 2 m for: (a) 24 hours before the cyclone’s crossing, (b) at the time of crossing,

and (c) 24 hours after, with colour bars centred around the freezing temperature of sea ice. Overlaid are isobars in 10 hPa intervals, plus the

cyclone’s location (magenta dot), and its track (dashed magenta line). Black contours indicate the boundaries of the MIZ and hatching marks

the areas where the ice is less than three weeks old. Panels (d–f) correspond to (a–c) but show modelled ice surface temperature. (g) Time

series of the modelled sea ice melt and growth rates, divided into basal, top, and lateral melt, and frazil and congelation growth, are presented.

The data is averaged over the MIZ centred around the cyclone crossing location with melting and freezing events indicated in red and blue

shading, respectively. (h) Time series of the ice edge location and inner MIZ locations.

Similar to the previous case study, the ice edge responds more strongly than the inner MIZ boundary (Fig. 3i). Here, the

ice edge initially retreats by 0.5◦ as the cyclone approaches, followed by a rapid advance from 65.5◦ S to 63.9◦ S over two
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Figure 3. Similar to Figure 2 but for impacts of sea ice drift and ice edge location at∼ 270◦ E from 2 to 9 August 2016. (a–c) Wind vorticity

maps with wind velocity quivers over the crossing (similar to Fig. 2). Overlaid are isobars in 10 hPa intervals, plus the cyclone’s location

(magenta dot) and its track (dashed magenta line). Black contours indicate the boundaries of the MIZ. Panels (d–f) correspond to (a–c) but

show ice vorticity with quivers representing ice drift. (g) Hovmöller diagram of the north–south sea ice velocity component averaged across

the MIZ, along with the cyclone track and position at the snapshot times. (h) Time series of the east–west (red) and north–south (blue) ice

and wind velocity components (solid and dashed lines, respectively), averaged over the MIZ centred around the cyclone crossing location.

(i) Latitude of the ice edge and inner MIZ boundary over the same sector as in (h).

and a half days. These changes coincide with periods of consistent wind direction, suggesting that winds drive the ice edge

variability through sea ice drift.195
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3.3 Widening of the Antarctic MIZ from Wave-Induced Breakup of Sea Ice

A cyclone located in Eastern Antarctica (∼40◦ E) crossing the MIZ over 6 to 10 October 2016 (Fig. 4). Unlike the more

explosive cyclones shown in the previous case studies, this cyclone’s central pressure decreases gradually, maintaining a low

of 940 hPa for over 24 hours as it crosses the MIZ. This sustained intensity is associated with a larger storm radius, spanning

more than 9◦ in latitude, compared to 6–7◦ for the earlier cyclones. Sea ice within the MIZ is moderately thick (∼0.35 m), with200

concentrations between 80–90% during the cyclone crossing (see Appendix C, Fig. C3)). In contrast to the previous two case

studies, sea surface temperatures cool during the cyclone passage and warm afterwards. Zonal winds dominate the forcing,

resulting in relatively weak meridional drift and indicating that different mechanisms govern the sea ice response during the

event.

The distribution of floe sizes across the ice pack defines the MIZ in Figure 4, with a clear transition from the MIZ (yellow205

region) to the inner ice pack (green–blue region). Significant wave heights increase along the cyclone’s path while it travels

over the open ocean, then decrease as the system moves into the ice-covered region (Fig. 4a–b). Waves reach a peak height of

8.5 m at the ice edge (Fig. 4e), initiating sea ice fracture on the eastern side of the cyclone, where persistent northerly winds

occur, as indicated by dotted hatching in panel (d). This wave-induced fracturing breaks up consolidated ice, causing the floe

sizes of such ice to decrease and the ice to transition to MIZ. This wave-induced fracturing breaks up consolidated ice into210

smaller floes, transforming the area into MIZ (Fig.4a–c). As a result, the MIZ width increases from 90 km to 180 km (Fig. 4e).

The rate of wave-induced breakup is quantified as the change in representative floe radius per hour (see Eq. 1). A threshold

applied to this rate captures the widening of the MIZ (shaded region in panel e), with the classification criteria for this event

discussed in §4.2.

After the cyclone exits the MIZ, the wave heights decrease, allowing the ice cover to reconsolidate and the MIZ width to215

narrow to approximately 130 km. The strongest example of consolidation occurs near∼40◦ E, where large floes form rapidly in

response to the absence of wave energy (cross-hatching in Fig. 4d). Floe welding also contributes to reconsolidation; however,

unlike new floe formation, this process is parameterised independently of wave activity in the FSTD (Roach et al., 2018a).

Notably, the default welding rate in CICE6 (and in CICE6-WIM) is several orders of magnitude lower than the rate estimated

by Roach et al. (2018b), which could introduce uncertainty in the timescales associated with MIZ narrowing through re-220

consolidation.

4 Statistical Results

4.1 Sea Ice Response to Cyclones Crossing the Marginal Ice Zone

Figure 5 depicts how atmospheric and sea ice conditions at the ice edge evolve over time across 396 cyclone tracks. The sea

level pressure minima correspond to the cyclone centre (panel a) being at the ice edge. Additional local minima, which typically225

occur more than 24 hours before or after the crossing, are likely caused by irregular cyclone paths, such as multiple ice-edge

crossings or interactions with other low-pressure systems.
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Figure 4. Similar to Figure 2 but for the impact of wave-induced sea ice breakup on the MIZ width at ∼ 50◦ E from 6 to 10 October,

2016. (a–c) Representative floe size and significant wave height maps during the cyclone crossing (similar to Fig. 2) Overlaid are isobars

in 10 hPa intervals, the cyclone’s location (magenta dot), and its track (dashed magenta line). Black contours indicate the boundaries of the

MIZ. Dotted- or cross-hatching indicates areas with a significant change in the representative floe size via wave-induced breakup or new floe

formation, respectively. (d) Hovmöller diagram of the MIZ width, along with the cyclone track and position at the snapshot times. (e) Time

series of the MIZ width (blue line) alongside the significant wave height at the ice edge (red line) with coloured dots indicating the amount

of wave-induced breakup (from the edge to the coast). Vertical grey lines correspond with the snapshot times and shaded region denotes a

major breakup event.

In mean (thick lines), there is a distinct shift in the north–south component of both wind and ice velocities near the cyclone

centre, confirming the transition from the eastern to the western side of the system or from “on-ice” (northerly) to “off-ice”

(southerly) winds (Fig. 5b–c). Before reaching the ice edge, cyclones typically advect warmer air over the sea ice ((Fig. 5d),230

which is then followed by sharp cooling after the cyclone centre passes (Fig. 5e).

Figure 6(a–b) shows the impacts of the cyclone crossings on the relative location of the ice edge and the width of the MIZ.

The mean ice edge retreats by ∼30 km as the cyclone approaches and advances by ∼20 km afterwards, yielding a net retreat

of ∼10 km. Ice edge retreat coincides with northerly winds and rising surface temperatures, which typically peak during the

crossing, while the subsequent advance aligns with southerly winds and rapid cooling of both air and ice (Fig. 5b–e). Peaks in235

ice temperature correspond to suppressed new ice formation during the crossing, followed by enhanced formation afterward,

consistent with surface temperature variations and patterns observed in the first case study (Fig. 6d).
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Figure 5. Time series of changes in atmospheric and sea ice conditions as extratropical cyclones cross the Antarctic sea ice edge: (a) sea

level pressure; (b) north–south wind velocity; (c) north–south ice velocity; (d) air temperature; and (e) ice surface temperature, at the location

where the cyclone crosses the ice edge. The thin grey lines represent 396 individual cyclones, with mean response shown in the thick black

line.

The mean MIZ width narrows slightly during cyclone crossings. Unlike the ice edge, the MIZ exhibits greater variability,

with rapid compactions and expansions throughout each cyclone’s lifespan. Mean significant wave heights show no clear
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Figure 6. Time series depicting the effects of extratropical cyclones on the (a) relative north–south change in ice edge location and (b) the

relative change in MIZ width, as well as (c) significant wave heights and (d) new sea ice formation. Times are centred on the cyclones’ arrival

at the ice edge. Relative changes are centred on the y-axis around their respective means. Sea ice growth is defined as the sum of congelation

and frazil production.

relationship with cyclone proximity (Fig. 6c). Rather than responding predictably to the cyclone centre, wave heights and MIZ240

widths can shift abruptly, as illustrated by the third case study.

4.2 Categorisation of Cyclone-Induced Sea Ice Events

Due to the Coriolis effect, cyclonic winds in the Southern Hemisphere circulate clockwise (Lim and Simmonds, 2007). As

a result, northerly winds on the eastern side of the cyclone transport heat southward. Similarly, after crossing the ice edge,

southerly winds carry cold air from the ice-covered region northward, cooling the ice edge. This behaviour provides a consistent245

framework for tracking sea ice evolution within the MIZ. To identify wind-driven conditions, we define on-ice wind events as
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periods when vwind < 0 for at least six consecutive hours and off-ice wind events as periods when vwind > 0 for the same

duration. The net impact of these wind events is assessed by comparing conditions 24 hours before and after cyclone crossings.

We categorise thermodynamic events based on the ice surface temperature to isolate the effects of temperature changes on

sea ice evolution. Melting events occurs when ice surface temperature (Tice) exceeds −1.8◦C for at least six consecutive hours,250

while freezing events occur when Tice falls below this threshold for a similar duration. This classification is used to highlight

the role of cyclone-driven atmospheric forcing in modulating ice melting and formation.

Unlike wind and temperature, wave activity is less predictable relative to the cyclone’s proximity to the ice edge (Fig. 6c).

We do not assess the portion of wave energy attributable to cyclonic winds; instead, we examine waves coinciding with

cyclone crossings of the ice edge. Given a latitude, longitude, and time, the contribution of wave-induced breakup to changes255

in the representative floe size is denoted as dra,wave/dt (units of m h−1). The mean wave-induced breakup contribution per

longitudinal transect over the sector of sea ice in the cyclone’s proximity is then calculated as

⟨∆ra,wave⟩=
1
Ni

∑

i

∑

j

d
dt

ra,wave(i, j, t),

where the summation is performed over latitudes (j) and averaged over longitudes (i) across Ni grid cells within the analysis

sub-domain. This formulation accounts for wave-induced breakup in the MIZ and the consolidated inner ice, which transitions260

to MIZ when sufficient breakup occurs (i.e., reducing to be ra < 100 m). Major breakup events are defined as periods when

⟨∆ra,wave⟩<−10 m h−1 for at least six consecutive hours, while minor breakup events refer to responses where ⟨∆ra,wave⟩>

−10 m h−1. During minor breakup events, factors such as wind direction and air temperature are expected to play a more

significant role in changes to MIZ width, as wave impacts are negligible.

Figure 7 shows the temporal distribution of the wind, thermodynamic, and wave events relative to cyclone crossings of265

the ice edge. On-ice winds generally precede cyclone crossings and coincide with melting events, while post-crossing off-

ice winds are associated with freezing events. Minor breakup events occur more frequently than major ones, regardless of

cyclone proximity. As expected from the sporadic nature of wave heights in Figure 6, no clear relationship emerges between

the occurrence of breakup events and cyclone proximity to the ice edge.

4.3 Contribution of Wind and Thermodynamic Events on the MIZ and Ice Edge Location270

The change in ice edge location and MIZ width per storm for on-ice winds, off-ice winds, and the net impact are shown in

Figure 8(a–b). The median changes in the ice edge location are approximately −10 km and 10 km for on- and off-ice wind

events, respectively. Changes in MIZ width differ less between wind types: on-ice winds and the net impact typically cause a

slight narrowing of about 5 km, whereas off-ice winds produce little change. These results indicate that ice edge retreat from

on-ice winds can narrow the MIZ, but expansion from off-ice winds does not necessarily widen it.275

Seasonality strongly influences the magnitude of the change in ice edge location (Fig. 8c). Melting and freezing events

produce changes similar to on- and off-ice winds, consistent with the alignment between wind direction and thermodynamic

forcing (Fig. 7). Although on- and off-ice wind events show considerable overlap in their impact on ice edge location (Fig. 8a),

seasonal analysis reveals a growing prevalence of ice edge retreat as months progress, while a separation in the effect of the two
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Figure 7. Temporal histograms showing the timing of (a) on- and off-ice wind events, (b) melting and freezing events, and (c) major and minor

breakup events. Each event is aligned to the time at which the respective cyclone crossed the ice edge, with the plotted value representing its

mid-time. Negative times indicate events occurring before the crossing, and positive times indicate events occurring after it.

event types persists. The sign of the net impact also exhibits seasonal dependence, with cyclones in July and August generally280

expanding the ice edge, whereas from September onwards, this reverses to compaction. The interquartile range includes zero

for all months, indicating a wide spread in responses.

Figure 9 shows air and ice surface temperatures and total melt and growth rates for wind and thermodynamic events over

winter. Off-ice winds are associated with cooler conditions, and on-ice winds with warmer conditions (panels a and b). It is

evident that wind direction cannot account for these temperature changes entirely, likely due to the reduced wind intensity near285

the cyclone centre when temperatures generally peak (Fig. 7). Melt rates rise as winter progresses toward summer (panel c),

driven primarily by basal melt, with lateral and surface melt one and two orders of magnitude smaller. This increase coincides

with an increase in the melting potential (see Appendix D, Fig. D1), with basal melt dominating, while the lateral and surface

melt rates are one and two orders of magnitude smaller, respectively. By November, melt during freezing events exceeds July–

August melt during melting events, indicating heightened ice vulnerability. Growth rates (panel d) decline from September to290

November, enhanced by off-ice winds and freezing conditions but suppressed under melting conditions. The spread in growth

rates is substantially greater than that observed for melting (Fig. 9c), suggesting a higher sensitivity to wind forcing and sea

ice temperature during cyclones. Although growth and melt rates are comparable in July and August, melting dominates from

September onwards, producing a net seasonal ice loss during cyclones.
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Figure 8. Effect of wind events on ice edge location and MIZ width. Line plots with interquartile ranges for July to November, averaged over

2015–2018, grouped by event type. (a) Change in ice edge location per storm, and (b) change in MIZ width per storm, grouped by on-ice

winds (red), off-ice winds (blue), and net change over the cyclone crossing (grey), with their respective means indicated by vertical dashed

lines. (c) Seasonal variation in ice edge location change, grouped by on-ice winds (solid red), off-ice winds (solid blue), net change, melting

(dashed red), and freezing (dashed blue). Error bars denote interquartile ranges.

4.4 Impacts of Major Wave-Induced Breakup Events on the Antarctic MIZ Width295

The criterion for major breakup events is designed to capture floe breakup across the entire ice pack. However, the MIZ only

widens if breakup reduces floe sizes at the inner boundary of the MIZ to below 100 m. Figure 10 illustrates the impact of major

and minor breakup events on Antarctic MIZ width during cyclones. Histograms display changes in MIZ width grouped by

wave-induced breakup events, with the corresponding box plots shown above. During minor breakup events, the MIZ width

typically reduces as the breakup is outweighed by other processes, with the median narrowing by approximately 11 km (∼10%300

of the circumpolar average width). In contrast, major breakup events lead to significant MIZ widening, with a median increase

of roughly 31 km (∼25% of the circumpolar average width).
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Figure 9. Seasonal thermodynamic impacts of cyclones on the Antarctic MIZ. Line plots with interquartile ranges for July to November,

averaged over 2015–2018 and grouped by event type. Panels show (a) air temperature, (b) ice surface temperature, (c) total melt, and (d)

total growth. Total melt is the sum of top, lateral, and bottom melt, while total growth includes frazil and congelation production. Note that

the y-axis scales in (c) and (d) differ.

Seasonal variability in wave-induced breakup and its effect on MIZ width is shown in Figure 10(b). Major breakup events

consistently produce substantial MIZ widening, with the largest impacts in November, coinciding with circumpolar MIZ ex-

pansion following earlier narrowing (see Supplemental Material Fig. S1). Minor breakup events, by contrast, generally lead to305

MIZ narrowing, as reflected in the small interquartile range, with this effect increasing toward November. The net change in

MIZ width is defined as the difference before and after cyclone crossings, including cases with no major or minor breakup.

During winter, minor breakup events dominate the mean MIZ response, whereas from September to November, when the cir-

cumpolar MIZ is relatively narrow, major breakup events become more influential, driving the net change toward zero while

increasing variability. In comparison, the ice edge expands during cyclones in mid-winter and retreats later in the season310

(Fig. 8), indicating that the inner MIZ boundary retreats faster than the ice edge, resulting in MIZ widening.
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Figure 10. Changes in MIZ width associated with major and minor breakup events. (a) Histograms of the signed change in MIZ width per

cyclone, grouped by wave-induced breakup event status. Overlaid are kernel density estimates (solid lines), with corresponding box plots

shown above. Each histogram is normalised by event type, and approximately 40% of cyclones experienced at least one major breakup event.

(b) Median change in MIZ width per storm from July to November for each breakup event and the net change over a cyclone crossing, with

bars indicating the 25th and 75th percentiles.

Since the magnitude of wave-induced breakup depends on wave energy and the distance that waves propagate before en-

countering floes large enough to fracture, we examine the influence of wave energy and initial MIZ width on the breakup rate.

The incident significant wave height, Hs = 4
√

m0, where m0 is the variance of sea surface elevation, measured one grid cell

north of the ice edge, relates to the total wave energy at that location. The initial MIZ width is defined as the width immediately315

preceding a major breakup event.

To assess the relationship between wave energy (significant wave height) and initial MIZ width during major breakup events,

Figure 11(a) presents the distribution of Hmax
s – the maximum significant wave height at the ice edge – plotted against the

initial MIZ width. The colour of each data point represents the amount of wave-induced breakup. Since these variables are

not necessarily linearly related to breakup rates, quantifying their relative contributions is challenging. To explore how these320

variables covary with expected breakup severity, we apply a random forest regression, using Hmax
s and the initial MIZ width as

predictors and the rate of wave-induced breakup as the response variable. A random forest model is selected due to its ability to

capture nonlinear relationships through a piecewise constant function (Breiman, 2001). The predicted breakup from the random
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Figure 11. The relationships between MIZ widths and wave heights to wave-induced breakup during major breakup events. (a) Relationship

between Antarctic initial MIZ width (taken just before a major breakup event) and the maximum significant wave height during each major

breakup event, Hmax
s . The average wave-induced breakup over the event is shown as coloured dots with the heatmap corresponding to the

predicted breakup from a random forest regression trained on initial MIZ width and significant wave height. (b) Change in MIZ width per

event versus average wave-induced breakup, grouped by breakup event type. The correlation coefficient for major breakup events is displayed

in the top-right corner. Note that the x-axis is inverted.

forest model is represented by the background colour in Figure 11. Narrow MIZs (0–25 km) experience increased breakup,

whereas wider MIZs require greater wave energy to trigger breakup. For wave heights exceeding 6 m, breakup becomes more325

prevalent regardless of the MIZ width for the analysed data range.

We examine how the MIZ width evolves during wave-induced breakup events to investigate where breakup occurs across the

ice cover. Figure 11(b) illustrates the MIZ width change for major and minor breakup events. Major breakup events are almost

always associated with MIZ widening, with a moderate to strong negative relationship between wave-induced breakup and

changes in MIZ width. In contrast, during minor breakup events, small amounts of breakup do not appear to drive MIZ width330

changes; instead, these changes are likely governed by other factors (e.g., winds and thermodynamics). This result suggests

that fracturing occurs primarily along the inner boundary of the MIZ during major breakup events.
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Figure 12. Likelihood of each event occurring during extreme changes in ice edge position and MIZ width. Extreme changes are defined as

values below the 10th percentile or above the 90th percentile, with corresponding thresholds displayed on the vertical axis. If the contribution

of one or more events is within 10% of the total modelled change, all contributing events are recorded. “No event” indicates cases where

none of the events explain at least 70% of the total change.

4.5 Extreme Changes in the Ice Edge Location and MIZ Width

To examine extreme cases driven by wind, thermodynamic, and wave events, we now analyse cyclones exceeding the 10th

and 90th percentiles of change in the ice edge location or MIZ width (Fig. 12). This approach isolates the contributions of335

extreme changes to ice edge compaction or expansion and MIZ width changes, which still occur over short time periods. As

winds and thermodynamics primarily govern processes at the ice edge, while waves influence the inner MIZ boundary (§4.3

and §4.4), we analyse these effects separately. When multiple processes contribute to observed changes, they are grouped into

joint classifications (e.g., “on-ice and melting”). Light grey shading in Figure 12 indicates changes that are not captured by our

event classification.340

When the ice edge retreats by at least 27 km during a storm, most cases (64 %) result from the combined effects of on-ice

winds and melting, while 30 % are driven by either factor alone. Extreme ice edge expansion is primarily driven by off-ice

winds and freezing, accounting for half of the cases; freezing alone explains 40 %, indicating that expansion events nearly

always occur under freezing conditions. Expansion events, however, are smaller in magnitude than compaction events (21 km

versus −27 km).345

Extreme MIZ narrowing coincides with minor breakup events in 88% of cases, emphasising that processes other than wave-

induced breakup likely cause these changes. In contrast, MIZ widening is often associated with major breakup events (58% of

the cases), indicating that such events drive extreme widening of the MIZ. However, the event categorisation does not account

for all extreme changes, as some minor breakup events also occur during periods of extreme MIZ widening. These findings

suggest that wave-induced breakup – or the absence thereof – is a strong indicator of extreme MIZ change: widening under350

energetic wave conditions and narrowing under low wave activity. The remaining extreme events show no clear association
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with either major or minor breakup, possibly because some wave impacts were short-lived and failed to meet the six-hour

threshold, or because other processes such as wind-driven drift and thermodynamic effects dominate the response.

5 Conclusions and Discussion

We used the CICE6 sea ice model with a wave–ice propagation module at 0.25◦ resolution to analyse changes in Antarctic MIZ355

width and ice edge location in response to extratropical polar cyclone crossings. Across 396 cyclone events over predominantly

winter months (July to November) 2015–2018, we examined hourly variations in winds, thermodynamics, and wave processes,

enabling a novel assessment of their combined influence on the Antarctic ice cover. As cyclones approach the winter MIZ, on-

ice winds heat the ice surface, often exceeding its melting point, but once cyclones leave the the MIZ off-ice winds drive rapid

cooling and ice-edge advance (Figs. 5–7). Wave-induced breakup events can coincide with melting or freezing, thereby adding360

complexity to understanding the changing MIZ width. The ice edge is primarily sensitive to melting and freezing, whereas

breakup events largely control the interior MIZ boundary. By decomposing the MIZ width into these boundaries, we quantified

the contributions of each of these processes.

The classification of thermodynamic and wind events revealed positive and negative changes in the ice edge during cyclone

crossings of the MIZ (Fig. 8). The predominance of melt over growth was expected, given that the main months of ice growth365

were excluded and Antarctic sea ice thermodynamics are known to be asymmetric (Roach et al., 2023). Nevertheless, the net

impact of cyclone crossings was found to be strongly seasonal: frequent off-ice winds and freezing temperatures in July caused

a slight ice-edge advance, whereas on-ice winds and melting temperatures by November led to a net retreat. Despite this trend,

melting events frequently occurred throughout winter, suppressing sea ice growth during cyclones (Fig. 6), consistent with

satellite data derived findings (e.g., Kimura et al., 2022).370

Extreme events generally caused ice-edge retreat, with on-ice winds and ice melt acting in concert (Fig.12). Ice-edge ad-

vances were more variable, often driven by freezing temperatures. Overall, thermodynamics was found to play a dominant role

in these extreme cases. Coupling to a full ocean model, rather than a the mixed-layer parameterisation used in this study, would

more accurately represent heat exchanges between the atmosphere, sea ice, and the ocean surface, and, hence, better capture

the sources of the temperature changes. The absence of heat (and momentum) fluxes from the ocean limits our analysis to375

short-term impacts, as we cannot account for ocean–atmosphere fluxes that may influence subsequent ice growth (Smith et al.,

2018), upper-ocean mixing, or even storm activity (Josey et al., 2024).

Waves are proposed to play a key role in modifying MIZ widths during cyclone crossings (Vichi et al., 2019). One of

the presented case studies (§3.3) demonstrated the potential for rapid MIZ widening (∼90 km over 12 hours) due to wave-

induced breakup of previously consolidated ice. Statistically, these “major breakup events” were found to occur in 40% of the380

tracked cyclones and widen the MIZ by ∼30 km on average. Major breakup was most common in narrow MIZs (< 50 km) or

under large wave conditions (maximum Hs > 6 m), producing further breakup in MIZs that are already hundreds of kilometres

in width. Breakup events at these distances from the ice edge have been observed in the field (Kohout et al., 2016), and our

21

https://doi.org/10.5194/egusphere-2025-5209
Preprint. Discussion started: 11 February 2026
c© Author(s) 2026. CC BY 4.0 License.



findings provide additional evidence for wave–ice interactions rapidly widening the MIZ during cyclone crossings, as suggested

by Vichi et al. (2019).385

Discrepancies between the atmospheric forcings used for the wave hindcast and that used in CICE6-WIM introduce un-

certainty in how winds correlate with wave activity. Consequently, we did not analyse a direct causal link between cyclones

and local wave generation – since the wave hindcast includes swell from the far field – but instead examined how ice cover

evolves when cyclones coincide with wave-driven breakup events. Coupling to a wave model would allow for consistency in

atmospheric forcing as well as the generation and directional propagation of wave energy by cyclones during their passage over390

the MIZ (Alberello et al., 2022; Cooper et al., 2022), thereby alleviating this limitation. However, recent evidence suggests that

the current breakup parameterisation (Horvat and Tziperman, 2015) may produce unrealistically small floes when wind waves

propagate within the ice cover (Cooper et al., 2022). Since modelled floe sizes increase sharply over the transition from MIZ

to pack ice (Fig. 4), capturing the feedbacks between waves and floe size may require subgrid-scale representations of wave

attenuation and breakup (e.g., Bennetts et al., 2015). Because the ice edge largely determines where wave attenuation begins,395

future work should prioritise implementing wave–ice processes that influence this location, such as wave radiation stress or

wave-induced ocean mixing (Dumont, 2022; Boutin et al., 2022; Thomas et al., 2019).

In conclusion, extratropical cyclones were found to cause rapid changes (over hours to days) in the location and width of

the Antarctic MIZ, consistent with observations (Vichi et al., 2019). Thermodynamic processes emerged as key drivers of

the outer MIZ boundary (ice edge), operating through both synoptic weather systems and seasonal cycles. Wave activity was400

found to govern changes in MIZ width, underscoring the importance of explicitly representing wave–ice interactions in climate

models (Bennetts et al., 2022b). Future work should focus on coupling global sea ice and wave models to assess whether

cyclone-driven processes enhance or suppress local sea ice production (Smith et al., 2018), how storms contribute to Antarctic

sea ice extent anomalies (e.g., in 2023; Josey et al., 2024), and whether such events intensify subsequent storms (Zhang et al.,

2024).405

Code and data availability. The code to reproduce the figures in the manuscript are publicly available at: https://github.com/NoahDay/

Day2025-MIZ-cyclones. The data used in this manuscript is publicly available at: https://zenodo.org/records/16251054 (Day, 2025). The

cyclone track dataset of Phillips (2020) is governed by the NERC data policy http://www.nerc.ac.uk/research/sites/data/policy/ and supplied

under Open Government Licence v3 http://www.nationalarchives.gov.uk/doc/open-government-licence/version/3/.

Appendix A: Forcing Data Consistency Tests410

Consistency tests are performed to assess differences between two reanalysis products: JRA55-do (Tsujino et al., 2018) (used

to force CICE6–WIM) and Climate Forecast System version 2 (CFSv2; Saha et al., 2014) (used to force the wave hindcast that

drives the WIM). Analysis focuses on three key atmospheric fields: sea level pressure, and the 10-m zonal (u) and meridional

(v) wind components. Comparisons for the three selected case studies are shown in Figures A1–A3.
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Figure A1(a–c) presents mean sea level pressure fields from the JRA55 reanalysis over 250–290◦ E from 2–9 August,415

consistent with the spatio-temporal domain defined in §3.1. Figure A1(d–f) shows the corresponding fields from the CFSv2

reanalysis. Minor differences in isobar structure are apparent between the datasets, but both capture the low-pressure system

associated with the cyclone, exhibiting similar trajectories consistent with cyclone tracks derived from ERA-Interim (Keay

et al., 2020; Dee et al., 2011). Time series at the location where the cyclone first intersects the ice edge (Fig. A1g–i) show strong

agreement in sea level pressure across the reanalyses, with a distinct minimum coinciding with the cyclone’s passage (marked420

by a magenta dot). The u- and v-components of wind display moderate agreement; however, both indicate a similar qualitative

transition from westerly–northerly winds prior to crossing, to easterly–southerly winds post-crossing. Some discrepancies are

attributable to differences in spatial and temporal resolution between JRA55-do and CFSv2, which are provided on different

grids.

Similar patterns to those shown in Figure A1 are evident in the other case studies presented in Figures A2 and A3, demon-425

strating a level of consistency between the atmospheric reanalyses used. In general, the comparison reveals a high degree

of agreement in sea level pressure across the datasets, while wind components show moderate consistency, supporting the

robustness of the atmospheric forcing across case studies.

Appendix B: MIZ Width Quantification

Day et al. (2024) give evidence that a k-means classification of sea-ice variables provides an effective estimate of the Antarctic430

MIZ width, including strong correspondence with waves-in-ice remote sensing. Because the model outputs in this study are

restricted to winter and spring, the resulting k-means-derived MIZ is seasonally biassed due to incomplete sampling of the

state space. Thus, we adopt a simplified definition based on a representative floe-size threshold (Figure B1), which provides an

interpretable diagnostic of the wave-induced breakup processes analysed in our study.

Appendix C: Time Series from Case Studies435

Figures C1-–C3 show time series of key forcing and modelled sea-ice variables for the three case studies in Section 3. All

time series are sampled along the modelled 15% ice edge, providing a detailed view of how cyclone-related forcing influences

the evolving sea-ice state. The left column presents surface air pressure and wind components, the middle column shows sea

surface temperature, sea-ice concentration and significant wave height, and the right column displays sea-ice thickness, ice age

and representative floe size.440

The first case study highlights the role of thermodynamic processes during a cyclone crossing the Antarctic MIZ. In this

case, the cyclone rapidly deepens as it approaches the ice edge, reaching its minimum central pressure at the point of crossing

(Fig. C1a). This intensification coincides with a pulse of increased sea surface temperature (Fig. C1b). Evidence of substantial

new ice formation is apparent, marked by an increase in sea ice concentration, a corresponding drop in sea surface temperature,

and a decrease in sea ice age (Fig. C1b,e,i). In this case, the sea ice remains thin, with thickness around 0.15 m throughout445
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Figure A1. Comparison of atmospheric forcing datasets at∼ 280◦ E from 2–9 August, 2015. (a–c) Sea level pressure from JRA55-do: (a) 24

hours before the cyclone’s crossing; (b) at the time of crossing; and (c) 24 hours after. Isobars are overlaid in 10 hPa intervals, along with the

cyclone’s location (magenta dot) and its track (dashed magenta line). Black contours indicate the boundaries of the MIZ. (d–f) As in (a–c),

but using Climate Forecast System version 2 (CFSv2). (g–i) Time series at the cyclone crossing location (magenta dot in panels b and e) of:

(g) sea level pressure, (h) wind u-component, and (i) wind v-component. Time series for JRA55-do and CFSv2 are shown in blue and green,

respectively. The sea level pressure from the ERA-Interim cyclone track is also shown in panel (g).

the event. Winds are dominated by the zonal (u) component (Fig. C1d), meaning the north–south changes of the ice edge are
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Figure A2. Same as Figure A1 but at ∼ 270◦ E from 2–9 August, 2016.

limited. These conditions suggest that thermodynamic processes were the dominant factor that influenced the sea ice response

during this cyclone.

Cyclone-induced sea ice drift is much more pronounced in the second case study shown in Figure C2. Again, the cyclone

drops to a minimum pressure at the ice edge, however, in this case, sea ice concentration is high (Fig. C2e) and relatively thick450

(∼0.8 m; Fig. C2c), insulating the sea surface (Fig. C2b). The meridonal wind component (v) increases from approximately

−5 to 5 m s−1 (Fig. C2e) as the storm passes, promoting a northward advance of the ice edge. The advancement contributes to

new ice formation, as indicated by the cooling of the sea surface and decreases in sea ice thickness and age (Fig. C2b,c,i).
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Figure A3. Same as Figure A1 but at ∼ 50◦ E from 6–10 October, 2016.

The third case study contrasts with the previous two. Surface pressure decreases are more sustained, indicative of a rela-

tively large cyclone compared to the earlier events. The sea ice remains relatively mature (approximately 100 days old) and455

moderately thick (∼ 0.35 m). Wave activity is substantially greater, with wave heights exceeding 4 m (averaged over the MIZ),

compared to 0.5–1 m in the preceding cases. The larger waves restrict floe sizes, although periods of wave subsidence permit

the formation of larger floes (Fig. C3f). There is little evidence of significant melting or freezing, as indicated by minimal

changes in sea ice age (Fig. C3f). Instead, changes in sea ice concentration appear to be driven by zonal transport (Fig. C3d).
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Figure B1. Comparison of Antarctic MIZ widths derived from k-means analysis on 1◦ CICE6-WIM daily outputs (red line) and a represen-

tative floe size (ra) threshold of 100 m applied to 0.25◦ CICE6-WIM hourly outputs (blue line) for 2018.

Figure C1. Time series from the ice edge taken during the case study in §3.1 (a) Surface air pressure; (b) sea surface temperature; (c) u-

component of wind velocity; (d) sea ice concentration; (e) v-component of wind velocity; (f) sea ice age; (g) significant wave height;

(h) representative floe size. The time at which the cyclone crosses the ice edge is shown as grey-dashed vertical lines.
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Figure C2. As in Figure C1, but for the case study in §3.2.

Figure C3. As in Figure C1, but for the case study in §3.3.

Appendix D: Oceanic Contribution460

The propensity for sea ice to melt or freeze within CICE is determined by the freeze/melt potential, Ffrzmlt, which is calculated

as (Hunke et al., 2021)

Ffrzmlt =
1

∆t
(Tf −TSST)cpρwhmix (D1)
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Figure D1. Oceanic contributions to sea ice melt during cyclones crossing the Antarctic MIZ. Line plots (medians) with interquartile ranges

for July to November, averaged over 2015–2018 and grouped by event type (note that wind events are not included to reduce clutter).

Panels show (a) sea surface temperature, (b) freezing temperature, (c) freeze/melt potential, (d) lateral melt, and (e) basal melt. A negative

freeze/melt potential will promote ice melting whereas a positive promotes new ice formation.

where ∆t is the model timestep, TSST is sea surface temperature, cp =4,218 J kg−1 K−1 is ocean heat capacity, ρw =1,026 kg m−3

is ocean water density, and hmix = 20 m is the mixed-layer depth.465

Figure D1 illustrates seasonal changes in (a) sea surface temperature (SST), (b) sea ice freezing temperature (Tf ), (c)

freeze/melt potential, (d) lateral melt rate, and (e) basal melt rate. As the season progresses toward summer, SST increases
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more rapidly than Tf , leading to a greater temperature difference and a corresponding increase in melt potential from the ocean

(i.e., a more negative freeze/melt potential; see Eq. D1). The enhanced melting potential is reflected in increases in both lateral

and basal melt rates, with basal melt generally dominating, although lateral melt remains a non-negligible contributor. Notably,470

melt events—defined here based on the surface temperature of sea ice—are primarily driven by basal melt, suggesting that the

elevated air and surface ice temperatures associated with cyclones may also act to warm the underlying ocean.
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