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Abstract 14 

The large-scale interannual variability of sea ice concentration in the Southern Ocean is largely 15 
controlled by atmospheric dynamics. By contrast, based on satellite observations, we show here that 16 
the local amplitude of interannual variations of the winter sea ice edge position is mainly modulated 17 
by the ocean bottom topography and oceanic processes. The standard deviation of the latitude of the 18 
ice edge displays substantial variations as a function of longitude, with prominent sharp peaks covering 19 
only a few degrees of longitude close to the main topographic features of the Southern Ocean. There, 20 
mesoscale eddy activity and the variability of the Antarctic Circumpolar Current jets are large, 21 
influencing both oceanic heat transport and sea ice velocity, thereby leading to large interannual 22 
changes in the position of the ice edge. Owing to such bathymetric control, these regions showing high 23 
variability in the winter ice edge position have remained relatively stable over recent decades, despite 24 
ample changes observed in other characteristics of the sea ice cover during the same period. Eddy-rich 25 
global sea ice-ocean models based on NEMO-SI3, both forced by ERA5 surface fluxes or coupled with 26 
the atmospheric model IFS, can reproduce the sharp peaks in the variability of the ice edge position, 27 
indicating that they adequately simulate the dominant influence of topography on currents and eddy 28 
activity. However, this requires a realistic mean ice edge position; otherwise, model biases can displace 29 
the ice edge away from regions of strong eddy activity and therefore distort the interannual variability. 30 

1. Introduction 31 

The total Antarctic sea ice extent has significantly decreased over the past decade, after a period of 32 
relative stability between 1979 and 2015 (Parkinson and DiGirolamo, 2021; Purich and Doddridge, 33 
2023). This general trend of the ice coverage over the Southern Ocean is embedded in a large 34 
interannual variability (see Hobbs et al., 2016; Ears et al., 2019 for reviews). The magnitude of 35 
interannual variability, as measured by the standard deviation of Antarctic sea ice extent, is larger 36 
during spring and autumn and weaker in summer and winter (Parkinson, 2014; Zunz et al., 2013; Hobbs 37 
et al., 2016). The relatively low variance in winter may seem surprising given that the total ice extent 38 
is much larger than in other seasons. However, model studies have indicated that the variance 39 
increases with the mean ice extent in summer (Goosse et al., 2009) whereas in winter it increases only 40 
if the ice extent is lower than about 10 106 km2, far below the currently observed value (Diamond et 41 
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al., 2024). The variance of the sea ice extent also changes with time (Li and Wu, 2020; Hobbs et al., 42 
2024), with the recent increase in variance and persistence being considered as one argument in favor 43 
of a regime shift (Hobbs et al., 2024). 44 

Most studies to date have analyzed variability in sea ice extent for the Southern Ocean as a whole or 45 
separated in a few sectors. Large-scale modes of sea ice variability have also been identified, based 46 
directly on the sea ice concentration fields or through connections with atmospheric modes of 47 
variability (e.g., Yuan and Martinson, 2001; Parkinson and Cavalieri, 2012). In particular, key elements 48 
of the spatial variability in ice cover have been linked to dominant modes of variability in the Southern 49 
Hemisphere, including the Southern Annular Mode (SAM), El-Niño Southern Oscillation (ENSO) and the 50 
Zonal Wavenumber 3 (ZW3) mode (e.g., Raphael, 2007; Stammerjohn et al., 2008; Lefebvre and 51 
Goosse, 2008; Eabry et al., 2025; Boehm et al., 2025). The different phases of these modes are 52 
associated with changes in atmospheric meridional heat transport, surface heat fluxes and surface 53 
wind stress (which in turn affects sea ice transport and oceanic currents), thereby contributing to 54 
variations in sea ice concentration and in the position of the ice edge. 55 

In contrast to these large-scale changes, the variability of the ice edge position on scales of a few 56 
hundred kms has received less attention. However, the interannual shifts at specific locations can be 57 
much larger than averaged over a sector covering 50 to 100° of longitude, as illustrated by some of the 58 
recent extremes (Purich and Doddridge, 2023; Espinosa et al., 2024). Understanding those smaller-59 
scale variations is important for better characterizing the interannual variability of sea ice cover, more 60 
clearly distinguishing long-term trends from interannual fluctuations, and improving regional to local 61 
sea ice predictions (Massonnet et al., 2023; Zhao et al., 2024). 62 

A classical view attributes a dominant role of atmospheric processes in explaining interannual 63 
variations of the ice cover, whereas the ocean may contribute more importantly on longer timescales 64 
– including in the recent shift towards a lower sea ice extent (Bitz, 2005; Ferreira et al., 2015; Hobbs et 65 
al., 2016; Purich and Doddridge, 2023; Silvano et al., 2025, Spira et al., 2026; Wilson et al., 2026). 66 
However, the mean position of the ice edge is shaped by oceanic processes. Specifically, the pathway 67 
of the Antarctic Circumpolar Current (ACC) influences the mean position of the winter ice edge, directly 68 
through its impact on meridional heat transport by ocean currents and eddies as well as indirectly by 69 
modifying atmospheric transport (Martinson, 2012; Goosse et al., 2025). As the path of the ACC itself 70 
is controlled by the bottom topography (e.g., Rintoul, 2018), the position of the ice edge reflects the 71 
underlying bathymetry of the Southern Ocean. Oceanic processes may also modulate the interannual 72 
variability of the ice cover, for instance through a strong localized impact of large-scale oceanic 73 
currents or of mesoscale eddies in the vicinity of major topographic features. This possibility remains 74 
largely unexplored at present, except in a few specific regions (e.g., Ferola et al., 2023). 75 

The goal of this paper is to evaluate the processes in explaining the interannual variability of the 76 
Antarctic sea ice edge position in observations as well as in ice-ocean and coupled climate model 77 
simulations. It comes in complement with our recent paper showing that the path of the Antarctic 78 
Circumpolar Current has a large influence on the mean position of the ice edge (Goosse et al., 2025). 79 
Here we analyze interannual variations in the winter ice edge based on the September monthly mean. 80 
September is of particular interest because it corresponds to the annual maximum in sea ice extent. 81 
September is also well suited for illustrating the contribution of oceanic processes, whose impact is 82 
likely to be substantial at the end of winter (e.g. Martinson, 1990). Additionally, previous studies have 83 
indicated that climate models generally overestimate winter sea ice variability (Zunz et al., 2013; Roach 84 
et al., 2020). As an auxiliary objective, we investigate whether higher horizontal resolution, and thus a 85 
better representation of bathymetry-driven oceanic processes and mesoscale eddies, reduces this bias 86 
both for the local variability of the ice edge position and at larger scales. 87 
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 88 

2. Methods 89 

2.1. Observations 90 

Sea ice concentration observations since 1979 are taken from EUMETSAT OSI SAF (OSI-450 and OSI-91 
430-b; OSI SAF 2017; Lavergne et al., 2019). The winter sea ice edge is defined as the 15% ice 92 
concentration contour based on the algorithm of Eisenman (2010). The sea ice edge is first interpolated 93 
to a 1° horizontal resolution before diagnostics are performed. 10-m wind speed is derived from the 94 
ERA5 reanalysis (Hersbach et al., 2020a). Monthly mean ocean geostrophic velocities are obtained 95 
from Dragomir (2024) who calculated them from dynamic ocean topography observed from satellites 96 
between July 2002 and October 2018. The eddy kinetic energy over the Southern Ocean has been 97 
reconstructed by Auger et al. (2022) for the period 2013 to 2019 using sea level anomaly from multiple 98 
satellite sources. The bathymetry is obtained from ETOPO1 (Amante and Eakins, 2009). The Polar 99 
Pathfinder Daily 25 km EASE-Grid Sea Ice Motion Vectors, Version 4 provides the sea ice velocity for 100 
the period 1979-2023 (Tschudi et al., 2019). The definition of the Polar Front follows that of Park et al. 101 
(2019), based on the selection of a circumpolar sea surface elevation contour that matches the 102 
observed position of the Polar Front in key regions for the 1993-2012 period. Those products cover 103 
different time intervals but we assume that each of them is long enough to represent a climatological 104 
average (see also the discussion in section 3b). 105 

2.2. Model results 106 

We analyze high-resolution simulations performed with the ocean-sea ice model NEMO (Nucleus for 107 
European Modelling of the Ocean) in two configurations, either driven by the ERA5 reanalysis or 108 
coupled to the IFS atmospheric model. An additional set of high-resolution coupled atmosphere-ocean 109 
model simulations is also presented in the Supplement. As atmospheric forcing is constrained by 110 
observations (including sea ice concentration) in the reanalysis, the NEMO model driven by ERA5 is 111 
expected to follow the observed variations. Because of the absence of atmosphere-ocean feedbacks 112 
in this standalone configuration, it is not always possible to disentangle the contribution from oceanic 113 
processes in the simulated fields from those imposed directly by the atmospheric forcing (e.g. Goosse 114 
et al., 2023). By contrast, the fully coupled simulations include all the relevant feedbacks but, as they 115 
are not constrained by observations, they could present significant biases and uncertainties due to a 116 
different sampling of internal variability. Thus, the two types of simulation provide complementary 117 
information.  118 

The NEMO  model (Madec, G. and the NEMO System Team, 2023) includes OPA (Océan PArallélisé) as 119 
its ocean component and SI3 (Sea Ice modelling Integrated Initiative) as its sea ice component 120 
(Vancoppenolle et al., 2023). For the ERA5-driven simulation, we use NEMO4.2 as in Richaud et al. 121 
(2026) at a horizontal resolution of 1/12° based on the eORCA12 global tripolar grid. It covers the 122 
period 1995-2024. A simulation with the same version of NEMO driven by ERA5 but at 1° resolution is 123 
also used in the Supplement to estimate the influence of the resolution. Additionally, we analyze the 124 
last 30 years (1985–2014) of a historical simulation performed with the coupled model IFS-NEMO-ER, 125 
the eddy-rich configuration developed within the EERIE, nextGEMS and Destination Earth projects 126 
(Rackow et al., 2025; Doblas-Reyes et al., 2026). The simulation corresponds to a hist-1950 experiment 127 
from the High Resolution Model Intercomparison Project (HighResMIP; Haarsma et al., 2016; Roberts 128 
et al., 2025) and was initialized from a 60-year spin-up under fixed 1950 forcing. The simulation is 129 
driven by historical radiative forcings from CMIP6 (Eyring et al., 2016), with the exception of 130 
tropospheric aerosol forcing, which is prescribed as a time-evolving climatology derived from IFS 131 
simulations with prognostic atmospheric chemistry from CAMS. IFS-NEMO-ER combines version 4.0.7 132 
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of NEMO and SI3 (Madec et al., 2019, Vancoppenolle et al., 2023) with an EERIE-revised build of cycle 133 
48r1 of the atmospheric model IFS (DE_CY48R1.0_EERIE_20240726). The atmospheric component 134 
uses a Tco1279 Gaussian octahedral grid (~9 km horizontal resolution) with 137 vertical levels, while 135 
the ocean-sea ice system is configured on an eORCA12 global tripolar grid (~1/12° resolution) with 75 136 
vertical levels, as in the atmosphere-forced configuration. Importantly for this study, a modified air-137 
sea ice coupling strategy is employed. Rather than relying on the default IFS sea ice surface treatment, 138 
where atmospheric fluxes are computed using an internal IFS sea ice module and sea ice 139 
concentrations from SI3, IFS directly computes air–ice fluxes from sea ice properties provided by SI3, 140 
including sea ice concentrations, surface temperature, and albedo. The IFS sea ice module is therefore 141 
disabled. This physically more consistent coupling avoids known imbalances in the surface energy 142 
budget that can otherwise lead to unrealistically sustained sea ice growth and numerical instabilities, 143 
and is particularly relevant for an accurate representation of the winter sea ice edge in the Southern 144 
Ocean. 145 

 146 

3. Results 147 

3.1. Local variability of the ice edge as a function of longitude 148 

3.1.1 Observed variability of the winter ice edge and its link with topography 149 

The most northward and southward positions of the winter ice edge over the period 1979-2025 are 150 
separated by only a few degrees at most longitudes (Fig. 1a), but a closer look indicates that this range 151 
strongly varies across regions. This difference between regions is confirmed by the temporal standard 152 
deviation of the winter ice edge latitude’s interannual variability as a function of longitude (Fig. 1b), 153 
which has a spatial mean of 1.0° and a standard deviation of 0.2° over all longitudes. Local values can 154 
be much larger or lower than the mean; for instance, the temporal standard deviation of the winter 155 
ice edge latitude is larger than 1.5° around 30°E or 220°E, while it is lower than 0.5 at 175°E.  156 

The local winter ice edge interannual variability is much larger than that of the total sea ice extent 157 
because each year is characterized by a specific pattern in which changes in one region is partly 158 
compensated by changes in another in the integrated view. For a point of comparison, a band of one 159 
degree of latitude at 60°S is associated with a surface area of 2.2 106 km2. The standard deviation of 160 
the ice extent in winter reaches 0.5 106 km2 over the period 1979-2025 (estimated here from 161 
EUMETSAT OSI SAF). If we make a simple scaling and distribute this standard deviation around all 162 
longitudes at 60°S, it would then correspond to a mean shift of about 0.2°, i.e. 5 times less than the 163 
mean of the standard deviations of the winter ice edge latitude given above. 164 

Remarkably, the standard deviation of the winter ice edge latitude is not spatially smooth, but shows 165 
sharp, narrow peaks often confined to only a few degrees of latitudes (Fig. 1b). The main peaks for the 166 
period 1979-2025 are located in the longitude bands 13-28°E, 78-81°E, 101-104°E, 149-154°E, 210-167 
230°E, 267-270°E, 302-320°E, and 327-332°E. Most of these peaks are narrower than 10° and several 168 
are narrower than 5° (specifically, at the resolution used here, the band between 302-320° is 169 
interrupted by two longitudes exhibiting relatively lower standard deviation). This feature strongly 170 
contrasts with the relatively smooth mean position of the ice edge (Fig. 1a).  171 

All the peaks in the standard deviation of the ice edge position are located close to the main 172 
topographic obstacles (Fig. 1a) along the path of the Antarctic Circumpolar Current: 13-28°E near 173 
Bouvet Island and the western part of the Southwest Indian Ridge, 78-81°E and 101-104°E near 174 
Kerguelen Plateau, 149-154°E near the Southeast Indian Ridge, 210-230°E near the Pacific Antarctic 175 
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Ridge, and 302-320°E and 327-332°E on the Scotia ridge and South Sandwich Arc. Although the region 176 
between 267° and 270°E is not in the vicinity of a major ridge system, some topographic obstacles are 177 
still present close by, such as the De Gerlache seamounts (270°E 65°S), which are located just north of 178 
the mean ice edge position at that longitude.  179 

3.1.2 Stability of the magnitude of interannual variability between different periods 180 

While many climatic changes have occurred recently in the Southern Ocean, the longitudinal variations 181 
of the standard deviation of the winter ice edge position remain very similar if we split the period 182 
covered by satellite observations into two consecutive time intervals of (nearly) equal duration (1979-183 
2002 and 2003-2025). Changes are observed, and some smaller peaks appear or disappear between 184 
the two periods, but the main peaks identified for the full interval remain at exactly the same locations 185 
(Fig. 1b). The correlations between each of the sub-periods and the full 1979-2025 period are higher 186 
than 0.85 in both cases (the correlation between the two sub-periods is 0.52). Even if we specifically 187 
target the last decade (2016-2025), which is characterized by a decrease of the sea ice extent and an 188 
increase of its variability and persistence (Purich and Doddridge, 2023; Hobbs et al., 2024; Raphael et 189 
al., 2025), we do not find major modifications for the standard deviation of the ice edge position (Fig. 190 
2b). As only 10 years are analyzed, the curve is a bit noisier for the period 2016-2025, resulting is a 191 
correlation with the curve for the whole period of 0.68, but nearly all the peaks observed for the full 192 
period are also present (the correlation between the standard deviation over the periods 1979-2015 193 
and 2016-2025 is 0.52). The main difference in the most recent period is the lower standard deviation 194 
of the ice edge position between 60 and 150°E compared to the period 1979-2025, and specifically the 195 
absence of the double peak in the Kerguelen region which corresponds to the longitude with the 196 
largest retreat of the winter ice edge in 2016-2025 (Fig. 2a). It is thus possible that the southward shift 197 
in the position of the ice edge distances it from the main bathymetric obstacles, leading to lower 198 
interannual variability. A decrease of the standard deviation is also seen close to the west Antarctic 199 
Peninsula (between 300 and 320°) where the winter ice edge has also retreated and remains very close 200 
to the coast during some years. Overall, these relatively small differences suggest that the processes 201 
responsible for the local variability of the ice edge have not changed much over recent decades, and 202 
that the ongoing sea ice decline is associated with mechanisms different from those responsible for 203 
the local interannual variations of the ice edge position.  204 

3.1.3 Simulated variability of the winter ice edge 205 

The observed longitudinal variations of the standard deviation of the ice edge position are well 206 
reproduced by the 1/12° horizontal resolution standalone ocean-sea ice simulation (i.e., NEMO forced 207 
by ERA5), with a correlation of 0.73. In particular, the model simulation mirrors most of the sharp peaks 208 
located close to the main bathymetric elements (Fig. 3). This simulation precludes disentangling the 209 
contribution of oceanic processes from the direct effects of the atmospheric forcing, which is itself 210 
constrained by the observed variability of the ice cover. Nonetheless, the same standalone simulation 211 
configured at a coarser resolution (1°) does not display the sharp peaks identified at high resolution, 212 
even though both diagnostics are compared at the 1° resolution (Fig. S1). As a consequence, the 213 
correlation of the longitudinal variations of the standard deviation of the ice edge position with 214 
observations is lower in this 1° configuration than in the high resolution version, with a value of 0.58 -215 
while the mean position is well reproduced in both cases (correlations higher than 0.95). Therefore, 216 
increased horizontal resolution is key for adequately reproducing the observed features, which hints 217 
at an important role of topography and small-scale oceanic processes in controlling the local variability 218 
of the ice edge. 219 

https://doi.org/10.5194/egusphere-2026-1823
Preprint. Discussion started: 4 June 2026
c© Author(s) 2026. CC BY 4.0 License.



6 
 

The differences between the observed and simulated standard deviations of the ice edge position are 220 
also instructive, as they indicate regions where the model is biased despite the ERA5-constrained 221 
atmospheric forcing. This model-observation disagreement is largest downstream of the Kerguelen 222 
Plateau between 90 and 140°E, where NEMO driven by the ERA5 reanalysis shows a pronounced 223 
minimum in ice edge variability (Fig. 3). In this region, the mean simulated ice edge is located several 224 
degrees to the south of the observed one. As argued to tentatively explain the changes observed over 225 
the period 2016-2025 in the above sub-section, this moves the ice edge away from the main 226 
bathymetric features that underpin oceanic variability. By contrast, the underestimation of the ice 227 
extent between 220° and 280°E is not associated with any bias in the magnitude of the simulated 228 
variability, except for the small peak at 270°E. There is no main oceanic ridge in this sector and a shift 229 
in the ice edge position seems then to have a smaller impact on its variability. Underestimation of the 230 
variability is also present between 180 and 200°E, as well as close to the Antarctic Peninsula between 231 
300 and 320°E, despite a simulated sea ice edge that is near the observed one. 232 

Using a coupled atmosphere-ocean-sea ice model releases the constraint on the variability brought by 233 
the forcing in the simulation with NEMO driven by ERA5. This comes with the risk of larger biases, but 234 
IFS-NEMO simulates an ice edge that is close to the observed one (with a correlation of 0.97), except 235 
an overestimation of the ice extent between 0 and 110°E (Fig. 3a). The standard deviation of the ice 236 
edge position is also close to the observed one in most sectors and the variance of the ice extent in 237 
September (0.54 106 km2) is in good agreement with the observed one (0.51 106 km2) and with that of 238 
NEMO forced by ERA5 (0.50 106 km2).  239 

The main biases in the standard deviation of the ice edge position simulated in IFS-NEMO are the 240 
smaller and shifted peak compared to the observed one between 13 and 28°E, and the much larger 241 
peak at 100°E. These peaks are in the regions where the difference between the observed and 242 
simulated ice edge positions is the largest. By contrast, the small peak at 270°E is very well simulated, 243 
as the ice edge position is closer to the De Gerlache seamounts than in NEMO driven by ERA5, which 244 
misses this peak. In the longitude bands of 180-200°E and 300-320°E, the simulated variability in IFS-245 
NEMO is closer to that of NEMO forced by ERA5 than to the observations, despite a realistic position 246 
of the ice edge in both models. This suggests that those biases in the variability are not linked to the 247 
atmospheric forcing, but most probably to the inability of the ocean model to adequately represent 248 
the effect of the bathymetry despite the model’s relatively high resolution – in particular the complex 249 
bathymetry close to the tip of the Antarctic Peninsula with multiples channels and islands. Overall, 250 
despite the qualitative agreement on the location of most peaks, the correlation of the longitudinal 251 
variations of the standard deviation of the winter ice edge position in NEMO-IFS with observations is 252 
only 0.15, because of those biases and the differences in the magnitude of the peaks. The correlation 253 
is higher (0.45) if we compute it over the longitudes 150-360, i.e. the regions where the mean state of 254 
NEMO-IFS is closer to observations. 255 

The relatively good qualitative agreement with observations obtained from IFS-NEMO can plausibly be 256 
related to the high resolution of the model, which is required to reproduce the local variability and in 257 
particular the effect of the bathymetry. However, high resolution is by itself not sufficient, as illustrated 258 
for three other high-resolution models (Sup Fig. 2) that display large biases in their representation of 259 
the mean sea ice edge position. Nevertheless, in the sectors where the simulated ice edge is close to 260 
the observed one in those three models, the standard deviation of the ice edge position display peaks 261 
at the same locations of the observed ice edge. This suggests that the presence of the peaks is not 262 
specific to the selection of the model, configuration, or to atmospheric or oceanic variability patterns 263 
(which are different between the forced and coupled simulations), rather to a more robust constraint 264 
present in the coupled and uncoupled configurations – such as that provided by the bathymetry.  265 
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 266 

3.2. Processes driving the local variability of the ice edge 267 

In section 3.1, we have identified, in observations and models, robust peaks in the standard deviation 268 
of the winter ice edge position that we have related to the topography of the Southern Ocean. In this 269 
section, we investigate the processes through which such an influence of the topography may be 270 
exerted.  271 

3.2.1 Role of the winds 272 

Fig 4. shows meridional winds at 10-m and their standard deviations at 60°S, which is close to the mean 273 
location of the winter ice edge (similar results are obtained if we use instead the winds at the latitude 274 
of the ice edge). From both the climatological mean meridional winds and their standard deviation, 275 
there is no indication that winds would have a significant impact on the standard deviation of the 276 
winter ice edge position. The correlation between the standard deviation of the winter ice edge 277 
position and both the mean and standard deviation of the meridional winds is very close to zero (-0.04 278 
and 0.04, respectively). Hence, neither stronger southerly winds  such as those between 40 and 80°E, 279 
nor stronger northerly winds such as those around 150°E, are associated with systematically larger or 280 
smaller variations in ice edge position. Similarly, a relatively larger standard deviation of the meridional 281 
wind component between 250° and 300° corresponds to a modest variability of the ice edge position 282 
in most of this sector. Additionally, the typical length scale of variations in meridional wind speed and 283 
its standard deviation is several tens of degrees, which far exceeds the one of standard deviation of 284 
the sea ice edge characterized by narrow peaks.  285 

Here we use meridional winds as a proxy for the potential impact of the atmospheric circulation on 286 
the sea ice edge position on interannual timescales, as many studies have indicated a clear link 287 
between this variable and the Southern Ocean temperature or sea ice extent (e.g., Bitz et al. 2005; 288 
Raphael, 2007; Lefebvre and Goosse, 2008; Haumann et al., 2016; Kwok et al., 2017; Blanchard-289 
Wrigglesworth et al., 2021; Kusahara and Tatebe, 2025, Edholm et al. 2025; Goosse et al.; 2025). Other 290 
elements of atmospheric circulation also display variations between the different sectors of the 291 
Southern Ocean, such as the position of the storm tracks or atmospheric eddy activity, which is 292 
stronger over the eastern South Atlantic and Indian oceans. However, as the winds, they display 293 
variability on much larger spatial scales than those of sea ice edge changes, and no strong 294 
correspondence with the peaks in sea ice edge variability is apparent (Nakamura and Shimpo, 2004; 295 
Zhan et al., 2023; Zhang et al., 2024). 296 

There is no doubt that atmospheric circulation affects the mean position of the ice edge and its 297 
variability as demonstrated, for instance, by the large number of studies relating sea ice concentration 298 
and atmospheric modes of variability (Raphael, 2007; Stammerjohn et al., 2008; Lefebvre and Goosse, 299 
2008; Boehm et al., 2025) or by studies that identify a dominant atmospheric trigger of the recent 300 
major winter sea ice anomalies (Turner et al., 2017; Schlosser et al., 2018; Jena et al., 2024; Wang et 301 
al., 2024). However, while those studies documented the impact of atmospheric circulation on the 302 
spatial pattern of the sea ice changes, the local magnitude of those changes, as measured by the 303 
standard deviation of the position of the ice edge, seems rather disconnected from atmospheric 304 
circulation. The main processes explaining the magnitude of the local sea ice edge variability in winter 305 
(Fig. 1) thus originate from the ocean, as discussed below. 306 

 307 

 308 
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3.2.2 Influence of the Polar Front 309 

Oceanic processes can influence the ice edge position variability in different ways. First, north of the 310 
sea ice zone, the strong thermal gradients of the ACC exert a natural barrier for the expansion of the 311 
Antarctic sea ice extent (Goosse et al., 2025). Consequently, the position of the Polar Front could limit 312 
the variability of the ice edge, but this is seen only in some regions of the Pacific sector and in the 313 
western Weddell Sea. The impact is visually striking between 270°E and 310°E, i.e. east and west of 314 
Drake Passage, where the maximum northern position of the ice edge exactly corresponds to the 315 
position of the Polar Front (Fig. 1a). This indicates that sea ice can reach the front during some extreme 316 
years in this sector, but it melts rapidly before it can cross the front. Note that the definition of the 317 
front used in Park et al. (2019) is based on sea surface elevation, thus it is only indirectly connected to 318 
the water mass characteristics and to the temperature gradient that blocks sea ice expansion. Despite 319 
the strong northward limit imposed by the Polar Front, the standard deviation of the ice edge position 320 
is not particularly low between 270º and 310º: the climatological mean position of the ice edge is still 321 
located far enough of the front to allow large amplitude fluctuations, except to some extent at 280°E 322 
(Fig. 1b, Fig. 5a). The situation is different at 170°E, where the maximum sea ice edge position reaches 323 
the Polar Front. The Polar Front is at one of its most southern positions and is very close to the mean 324 
ice edge (Roach and Speer, 2019; Ferola et al., 2023, Goosse et al., 2025); This strongly restricts sea ice 325 
expansion in winter nearly every year, and not only in extreme years, as it is the case close to Drake 326 
Passage, leading to the lowest standard deviation of the ice edge position among all longitudes (Fig. 327 
5a). In other sectors, the Polar Front appears to lie too far away from the sea ice edge to have a direct 328 
influence on the local ice variability, in contrast to the front’s impact on the climatological mean 329 
position of the ice edge (Goosse et al., 2025). As a consequence, despite these local impacts in some 330 
sectors, the overall correlation between the standard deviation of the ice edge position and the 331 
distance between the mean ice edge and the Polar Front is very low (0.07). 332 

3.2.3 Role of the oceanic eddies 333 

Second, nearly all the peaks in the standard deviation of the ice edge position are located close to the 334 
regions of strong mesoscale eddy activity (Fig 5b, Fig. 6) that results from the interactions between the 335 
Antarctic Circumpolar Current and the main topographic obstacles identified in Fig. 1. (Sallée et al., 336 
2011; Thompson and Sallée, 2012; Rintoul, 2018). The strong link between eddy activity and ice edge 337 
variability could be explained by a large contribution of eddies to the meridional heat transport in the 338 
Southern Ocean (Sallée et al., 2011; Thompson and Sallée, 2012; Dufour et al., 2015; Morison et al., 339 
2016; Hausmann et al., 2017; Rintoul, 2018, Ferola et al., 2023). As the regions showing strong eddy 340 
activity are also regions of large meridional heat transport, the variability of meridional heat transport 341 
has a large imprint on the heat balance at the sea ice edge, and thus on the variability of its position. 342 
Note that the variance of eddy kinetic energy has a similar pattern as the mean of eddy kinetic energy 343 
shown in Fig. 5b, but we prefer to display the mean here because of the shortness of the available 344 
dataset. The simulations with NEMO driven by ERA5 and IFS-NEMO also display a strong 345 
correspondence between the peaks in eddy kinetic energy and in the standard deviation of the ice 346 
edge, illustrating the robustness of the link in models too (Fig. S3).  347 

While nearly all the regions with a large variability of the sea ice edge position are characterized by 348 
large eddy activity, some locations with large eddy activity display modest or weak variability in the ice 349 
edge position. The clearest case is at 170°E. As discussed above, the Polar Front is closer to the mean 350 
ice edge there. The position of the fronts and the large eddy-induced heat transport both strongly limit 351 
each year’s northward ice expansion, and thus the variability of the ice edge. Similar processes explain 352 
the double peak in the standard deviation of the ice edge seen close to the Kerguelen Plateau (at 78-353 
81°E and 101-104°E). The peak in eddy activity is between those two peaks at 85°E, but the variability 354 
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of the ice edge is low at 85°E because of the strong eddy activity at higher latitudes, which limits the 355 
expansion of the ice edge at that particular location. Indeed, the maximum position of the ice edge 356 
closely follows the region with high eddy activity in the Kerguelen area, with a clear inflection of the 357 
northernmost position of the ice edge at 85°E (Fig. 6). In addition, the local maximum of the eddy 358 
kinetic energy is close to the mean ice edge at both 85°E and 170°E (Fig. 5b; defined here as the mean 359 
eddy kinetic energy averaged in the region, which is maximum 2° north of the mean ice edge position). 360 
In other words, a high eddy kinetic energy can be viewed as a double-edged sword. Without eddies, 361 
the variability of the oceanic heat transport and of the ice edge position are small; but if the eddy 362 
activity at high latitudes is too large, the associated heat transport sufficiently constrains ice expansion 363 
and thus limits its variability.  364 

The correlation between the eddy kinetic energy and the standard deviation of the ice edge over all 365 
longitudes reaches only 0.13. This is due to the few regions with high eddy activity and low standard 366 
deviation of the sea ice edge position (85°E and 170°E), and to the presence of some shifts in the 367 
longitude between the peaks in these two variables (such as the peak in eddy kinetic energy at 40°E 368 
shifted compared to the large standard deviation of the ice edge between 13-28°E). The correlation 369 
increases a little, up to 0.28, if a 15° smoothing is applied to both spatial series to partly consider that 370 
eddies can propagate and affect the ice edge at nearby longitudes. However, the agreement is much 371 
larger if we focus only on half of the domain (between 180°E and 360°E; i.e. avoiding the regions of 372 
lower correspondence at 40°E, 90°E and 170°E) with a correlation reaching 0.57 (0.77 after the 15° 373 
smoothing). 374 

3.2.4 Role of oceanic currents 375 

Third, large-scale ocean currents also contribute to the horizontal heat transport and may thus affect 376 
the position of the ice edge. Consequently, regions exhibiting elevated variability in oceanic flows could 377 
also bring about a large standard deviation of the winter ice edge position. This influence is estimated 378 
in Fig. 5c using the meridional geostrophic velocity derived from monthly mean sea surface elevation 379 
(Dragomir, 2024). Peaks in the standard deviation of the geostrophic velocity are found roughly in the 380 
same regions as the eddy kinetic energy (Fig 5b) as the topography influences both the mean currents 381 
and the mesoscale activity, with for instance large standard deviations near the Kerguelen Plateau, at 382 
175°E and at Drake Passage. The difference between the regions is smaller for the standard deviation 383 
of the geostrophic velocity than for the eddy kinetic energy, and the correlation between the standard 384 
deviation of the geostrophic velocity and the standard deviation of the ice edge position is low when 385 
applied to all the longitudes (0.18). Nevertheless, a clear maximum in the standard deviation of the 386 
geostrophic velocity is present at 30°E and coincides exactly with the local maximum in the standard 387 
deviation of the ice edge. The standard deviation of the geostrophic velocity is also relatively high at 388 
270°E, a region of high variability of the ice edge position but of no clear maxima in the eddy kinetic 389 
energy. Consequently, the correlation between the standard deviation of the geostrophic velocity and 390 
the standard deviation of the ice edge position over the region between 0 and 50°E reaches 0.49 (with 391 
0.64 between 20 and 40°E, and 0.48 for the region between 260 and 280°E). However, these are 392 
relatively small areas. Correlation can be opposite for several other regions of the same size, and the 393 
power of the statistical test is highly questionable as we choose these regions on the basis of the visual 394 
agreement in Fig. 5c. Besides, a link is also found between the mean meridional geostrophic velocity 395 
and the standard deviation of the ice edge, but it is likely due to a common influence of topography 396 
on both (see the Supplementary Discussion). 397 

 398 

 399 
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3.2.5 Role of sea ice velocity 400 

Close to the ice edge, sea ice dynamics can be a dominant term in the mass balance of the ice pack 401 
(e.g., Bitz et al., 2005; Holland and Kimura, 2016; Himmich et al., 2023). Indeed, some of the local 402 
maxima in the standard deviation of the meridional sea ice velocity and in the position of the winter 403 
ice edge are in the same longitude bands, such as 78-81°E, 149-154°E, 210-230°E, 267-270°E and 327-404 
332°E (Fig. 5d). However, a systematic link between the variability of the meridional sea ice velocity 405 
and the ice edge variability could not be identified. The correlation between those two variables is 406 
close to zero.  407 

The peaks in the standard deviation of the ice velocity are on spatial scales similar to the ones of the 408 
peaks in eddy kinetic energy and mean oceanic velocity, but on much smaller spatial scales than those 409 
associated with atmospheric variability. This advocates for a dominant contribution of ocean processes 410 
as, for instance, eddies can influence sea ice transport through their signature in ocean surface 411 
currents and by sea ice trapping in eddies (Manucharyan and Thompson, 2017; Cai et al., 2025).  412 

 413 

4. Conclusion 414 

We analyzed the interannual variability of the winter ice edge position in the Southern Ocean, and 415 
identified large peaks in the ice edge’s standard deviation over a few narrow longitude bands. The 416 
drivers of these sharp peaks in the ice edge variability contrast with those of the larger-scale patterns 417 
of sea ice cover changes. Despite the key role of atmospheric processes on these large-scale patterns, 418 
the local amplitude of the variations of the position of the winter ice edge from year to year is largely 419 
controlled by oceanic processes, and specifically by oceanic processes shaped by bathymetry. Major 420 
ridge systems influence the path of the currents and the formation of mesoscale eddies, consequently 421 
affecting the oceanic heat transport and sea ice velocities that then tune the magnitude of the local 422 
changes in the ice edge position. This induces a larger variability of the winter ice edge position close 423 
to these ridge systems.  424 

As the variability of the ice edge position is strongly constrained by the bathymetry, its magnitude has 425 
been relatively stable over recent decades, despite recently observed sea ice changes (Parkinson et al., 426 
2021; Purich and Doddridge, 2023; Hobbs et al., 2024). A coupled atmosphere-ocean model, and the 427 
same ocean model driven by an atmospheric reanalysis – both with an adequate resolution to 428 
represent the bathymetric constraint and associated oceanic processes – can reproduce the observed 429 
positions of peaks in the standard deviation of the ice edge. As the sea ice is driven by different 430 
evolution of atmospheric fields in the two model configurations, this confirms that such peaks are not 431 
dependent on the specific atmospheric conditions observed over past decades, or on recent 432 
atmospheric and ice trends. Nevertheless, the mean position of the ice edge has a clear importance, 433 
as a small shift or bias in the model may move the ice edge away from the key bathymetric features, 434 
invalidating the controlling influence of topographically generated oceanic processes in the high ice 435 
edge variability. To credibly reproduce the ice edge variability, the models must realistically simulate 436 
the mean state of the ice cover. In that case, it is possible to have both a good representation of the 437 
local magnitude of the variability and of the variability of the ice extent in winter, avoiding the 438 
overestimation found in many coupled climate models for the latter (Zunz et al., 2013; Roach et al., 439 
2020). 440 

While the conclusion on the first-order role of topography is clear, a precise quantification of the 441 
contributions of the various processes that influences the variability of the ice edge position is complex. 442 
Differences are present amongst the different longitudes and the statistical evidence is less 443 
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straightforward than for the mean position of the winter ice edge (e.g., Goosse et al., 2025). Overall, 444 
there is good correspondence between the regions of high eddy activity around topographic barriers 445 
on the ACC flow and the regions of high variability in the ice edge position, especially between 180 and 446 
360°E. However, there are exceptions to this view. First, between 13 and 28°E, the peak in the ice edge 447 
variability is located eastward of a peak in eddy kinetic energy. Besides, it is exactly at the same 448 
longitude as a peak in the standard deviation of meridional geostrophic velocity, arguing for a 449 
dominant role of the larger scale currents at this location. Second, a local disagreement between peaks 450 
in eddy activity and ice edge variability is found at 85° and 170°E, where large eddy activity is associated 451 
with a low standard deviation of the ice edge position. At both longitudes, eddy activity is intense even 452 
at latitudes close to the mean ice edge. This could induce large heat transport that strongly restricts 453 
the advance of the ice edge each year and thus its variability. Additionally, the Polar Front exerts a 454 
natural northern limit to the mean sea ice edge position. If the front is located close to the mean ice 455 
edge, such as at 170°E, it restrains the northward progression of the ice nearly every year and 456 
suppresses its variability. More broadly, where the Polar Front is located further away of the mean ice 457 
edge than at 170°E, such as for instance east and west of Drake Passage, it only limits the expansion in 458 
extreme cold years, setting a maximum extent but not restricting much the overall variability. Finally, 459 
the Polar Front has no impact on the variability of the ice edge in regions where it is too far north from 460 
the ice edge.  461 

In the classical view, interannual variability of the sea ice cover is mainly constrained by atmospheric 462 
processes, while the ocean plays a larger role in decadal and longer trends (Bitz et al., 2005; Goosse 463 
and Zunz, 2014; Hobbs et al., 2016, Spira et al. 2026, Wilson et al., 2026). This seems a reasonable 464 
hypothesis for large-scale changes or integrated diagnostics, such as the sea ice extent. However, the 465 
ocean can also be a strong contributor at seasonal and interannual timescales, with for instance 466 
subsurface oceanic properties being critical in improving seasonal prediction of circumpolar sea ice 467 
extent (Dong et al., 2026). Our results demonstrate that the ocean controls the magnitude of the 468 
interannual variability of the ice edge position at the scale of a few hundreds of kilometers. Sea ice-469 
ocean interactions, in particular associated with the presence of (sub-)mesoscale eddies, also 470 
modulates higher-frequency variations of the ice edge position and the dynamics of the Marginal Ice 471 
Zone (MIZ) (Gupta et al., 2024; Prend et al., 2025). Analyzing those processes requires fine resolution 472 
in both observations and models. Besides, this dominant oceanic contribution offers interesting 473 
perspectives for the predictability of ice edge position at scales on the order of one hundred 474 
kilometers, which is essential for ship routing but is notoriously difficult to achieve nowadays (Zampieri 475 
et al., 2019; Wagner et al., 2020; Massonnet et al., 2023; Zhao et al., 2024). As the oceanic impact may 476 
be more predictable a few days to weeks in advance than that of the atmosphere, models including 477 
adequate initialization and resolving the oceanic processes at those scales might thus be more skillful 478 
than low-resolution simulations.  479 

  480 
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 481 

 482 

 483 

Fig. 1 a) Mean, minimum and maximum position the sea ice edge in September over the period 1979-484 
2025. The red line is the position of the Polar Front (PF) following the definition of Park et al. (2019). 485 
The background colour represents the bathymetry (in m, Amante and Eakins, 2009). b) Standard 486 
deviation of the winter ice edge position for the period 1979-2025 (in °, black), the period 1979-2002 487 
(dotted green) and the period 2003-2025 (dotted blue). The grey zones represent the longitude bands 488 
for which the standard deviation of the ice edge is larger than 1.2° for the period 1979-2025. 1.2° 489 
corresponds to the mean plus one standard deviation of the standard deviation of the winter ice edge 490 
position. The main nearby bathymetric features discussed in the text are also mentioned on both 491 
panels: Bouv (Bouvet Island and the western part of the Southwest Indian Ridge), Ker (Kerguelen 492 
Plateau), SIR (Southeast Indian Ridge), PAR (Pacific Antarctic Ridge), Ger (De Gerlache Seamont), Scot 493 
(Scotia ridge and South Sandwich Arch). 494 
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 496 

 497 

 498 

Fig. 2: Observed standard deviation of the September ice edge position for the period 1979-2025  499 
(in °, black) and difference in the ice edge position between the period 1979-2015 and 2016-2025  500 
(in °, blue). b) Comparison of the standard deviation of the ice edge position for the period 1979-2025 501 
(in °, black) and for the period 2016-2025 (dotted blue). The grey zones represent the longitude bands 502 
for which the standard deviation of the ice edge is larger than 1.2°( i.e., mean plus one standard 503 
deviation) for the period 1979-2025. 504 

 505 
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 506 

Fig 3. a) Mean position of the winter ice edge in observations (in °, black), in NEMO simulation forced 507 
by ERA5 (orange) over the period 1995-2024 and in IFS- NEMO over the last 30 years of the historical 508 
run (magenta). b) Standard deviation of the winter ice edge position (in °) over the same periods as 509 
the mean. 510 

 511 
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 512 

Fig. 4 Standard deviation of the winter ice edge position (in °, black) between 1979 and 2025 and a) 513 
the climatological mean meridional winds at 10m in September over the same period (positive for 514 
southerly winds) at 60°S (in m s-1, orange) and b) the standard deviation of meridional winds at 60°S 515 
(in m s-1, orange) 516 

 517 
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Fig 5. a) Standard deviation of the winter ice edge position for the period 1979-2025 (in °, black) and 523 
distance between the ice edge and the Polar Front (in °, red). b) Standard deviation of the winter ice 524 
edge position (in °, black) and mean Eddy Kinetic Energy (EKE, m2s-2) averaged derived from satellite 525 
observations (Auger et al. 2022) in the region 10° northward of the mean ice edge (m2s-2 , in dotted 526 
green) and in the region 2° northward of the mean ice edge (m2s-2 , in dotted blue). c) Standard 527 
deviation of the winter ice edge position (in °, black) and standard deviation of the mean meridional 528 
geostrophic velocity (Dragomir 2024) averaged over the region 5° northward and 5° southward of the 529 
mean ice edge (m s-1 , in dotted green). d) Standard deviation of the winter ice edge position (in °, 530 
black) and the standard deviation of the meridional sea ice velocity averaged in a band located from 531 
5° south to 5° north of the mean ice edge position (in cm s-1, dashed green). The grey zones represent 532 
the longitude bands for which the standard deviation of the ice edge is larger than 1.2° for the period 533 
1979-2025. 534 

 535 
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 537 

 538 

 539 

Fig 6. Minimum and maximum of the ice edge position in September over the period 1979-2025 with 540 
the mean Eddy Kinetic Energy (EKE, m2s-2) derived from satellite observations (Auger et al. 2022). The 541 
main nearby bathymetric features discussed in the text are also mentioned on both panels: Bouv 542 
(Bouvet Island and the western part of the Southwest Indian Ridge), Ker (Kerguelen Plateau), SIR 543 
(Southeast Indian Ridge), PAR (Pacific Antarctic Ridge), Ger (De Gerlache Seamont), Scot (Scotia ridge 544 
and South Sandwich Arch). 545 

 546 
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Data and code availability.  548 

The OSI-SAF sea ice concentration data can be downloaded at https://osi-549 
saf.eumetsat.int/products/osi-450 (last access: 15 November 2025) (1979–2015) and https://osi-550 
saf.eumetsat.int/products/osi-430-b-complementing-osi-450 (last access: 15 November 2025) (2015 551 
onwards). The ERA5 data is available from the Copernicus Climate Store: 552 
https://cds.climate.copernicus.eu/cdsapp#!/dataset/reanalysis-era5-single-levels-monthly-553 
means?tab=overview(last access: 30 September 2024) (Hersbach et al., 2020b). NEMO and XIOS (a 554 
NEMO-compatible I/O library) are developed by the NEMO consortium (https://www.nemo-555 
ocean.eu/, last access: 12 November 2025) and distributed under the CeCILL license 556 
(http://cecill.info/licences/Licence_CeCILL_V2-en.txt, last access: 12 November 2025).  The 557 
bathymetric data has been taken from ETOP1 (NOAA National Geophysical Data Center, 2009, 558 
available at https://www.ncei.noaa.gov/access/metadata/landing-559 
page/bin/iso?id=gov.noaa.ngdc.mgg.dem:316, last access: 1 September 2024). EKE Dataset is available 560 
on SEANOE with the https://doi.org/10.17882/81032 (Auger et al., 2021). The latitude of the fronts 561 
has been downloaded from 562 
https://australianantarcticdivision.github.io/orsifronts/articles/orsifronts.html#orsi-fronts-for-r (last 563 
access: 13 December 2024). The geosptrophic velocities come from Dragomir (2024) . [last access 15-564 
09-2025]. The sea ice velocities are available at (Polar Pathfinder Daily 25 km EASE-Grid Sea Ice Motion 565 
Vectors, Version 4, last access 01-12-2025) 566 
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