
1.  Introduction
The accelerating rate of climate change is one of the main challenges humanity faces in the coming decades 
(IPCC, 2021). However, variations in the rates of change make it difficult to develop mitigation or adaptation 
strategies. Ice albedo feedback is a fundamental element of the global climate because it is responsible for the rapid 
oscillation between glacial and interglacial stages (Hall, 2004; Marcianesi et al., 2021). Sea-ice variability also 
affects freshwater fluxes that impact overturning circulation (Liu et al., 2022; Meccia et al., 2022; Wu et al., 2021), 
as well as biological processes and polar food webs (Castellani et al., 2020; Massom & Stammerjohn, 2010). 
Therefore, the study and monitoring of the variability in Antarctic Sea-ice concentration (SIC) and extent (SIE) 
is crucial for understanding and forecasting future of changes to Earth's climate (Parkinson, 2004).

The Southern Ocean (SO) can be characterized by large variations in SIC and SIE at both local and regional 
scales. For example, observations of the Bellingshausen Sea (in the Pacific sector of the SO) show strong decrease 
during the last four decades (Parkinson & Cavalieri,  2012; Stammerjohn et  al.,  2012; Wachter et  al.,  2021). 
However, the opposite occurred in the Ross Sea, where a slight increase in SIC and SIE was observed (Aulicino 
et al., 2014; Comiso et al., 2017; Parkinson, 2019). On a circumpolar basis, after exhibiting an upward trend since 
1979, sea-ice shifted from record high to record low extents in 2016 (Parkinson, 2019). This unexpected decline 
underscored the incomplete understanding of the processes that influence Antarctic sea-ice distributions, includ-
ing local and remote forcing mechanisms (Kennicutt et al., 2019; Meehl et al., 2019).

Abstract  Monitoring the Antarctic sea-ice is essential for improving our knowledge of the Southern Ocean. 
We used satellite sea-ice concentration data for the 2002–2020 period to retrieve the sea-ice extent (SIE) and 
analyze its variability in the Pacific sector of the Southern Ocean. Results provide observational evidence 
of the recurring formation of a sea-ice protrusion that extends to 60°S at 150°W during the winter season. 
Furthermore, we discuss how the Pacific-Antarctic Ridge (PAR) influences this phenomenon. Our findings 
show that the northward deflection of the southern Antarctic Circumpolar Current front is driven by the PAR 
and is associated with the enhanced sea-ice advance. The PAR also constrains eddy trajectories, limiting their 
interaction with the sea-ice edge. These factors, within the 160°W–135°W sector, cause an average SIE increase 
of 61,000 km 2 and 46,293 km 2 per year more than the upstream and downstream areas, respectively.

Plain Language Summary  Monitoring the variability of marine and continental ice is essential 
for the study of climate change. The aim of this study is to investigate the processes that favor the formation 
or melting of sea-ice in the Pacific sector of the Southern Ocean. To this end, we analyzed sea-ice variability 
over the last two decades (2002–2020) and its interaction with the Antarctic Circumpolar Current (ACC) and 
the Pacific-Antarctic Ridge (PAR), a topographic submarine feature that separates the Pacific and Antarctic 
plates. We used satellite data obtained through passive microwave sensors and altimetry for sea-ice and 
ACC eddy analysis, respectively. Our results provide observational evidence of the periodic formation of a 
sea-ice protrusion in the study area and show that the median extent of the sea-ice faithfully follows the PAR. 
Moreover, our results show that the PAR acts as a barrier that deflects the ACC and its associated eddies 
northward, which limits their ability to melt the sea-ice east of the PAR. These processes encourage the 
exceptional growth of the sea-ice in this area. These outcomes have strong implications for our understanding of 
sea-ice variability over the Southern Ocean.
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The main driving force behind the observed spatio-temporal changes in Antarctic SIE is usually related to 
the combination of atmospheric and oceanic phenomena (e.g., winds and SSTs; Blanchard-Wrigglesworth 
et al., 2021). A primary role is played by decadal-scale variability in oceanic and atmospheric circulation in the 
Southern Hemisphere (Cerrone, Fusco, Cotroneo et al., 2017; Cerrone, Fusco, Simmonds et al., 2017; Cerrone & 
Fusco, 2018; Cohen et al., 2013; Fogt & Bromwich, 2006; Fogt et al., 2012; Fusco et al., 2018; Meehl et al., 2019; 
Schlosser et al., 2018; Wang et al., 2021). Less is known about how sea-ice variability is affected by the Antarctic 
Circumpolar Current (ACC) (Nghiem et al., 2016), the track of mesoscale eddies (Ansorge et al., 2015), overturn-
ing cells (Kennicutt et al., 2019), and polynyas development (Campbell et al., 2019).

The ACC is the only zonally unlimited ocean current, and it is the primary means by which water, heat and salt 
are transferred between different ocean basins (Rintoul, 2018). Its flow is usually affected by the overlying west-
erlies. However, it has been demonstrated that wind impact on the ACC transport is significantly modulated by 
the bathymetry and the eddy presence (e.g., Bishop et al., 2016; de Boer et al., 2022). In fact, ACC has an equiv-
alent barotropic vertical structure with an e-folding vertical scale of about 1,000 m (Killworth & Hughes, 2002). 
This means that, along the circumpolar path, its surface flow is strongly forced by interactions with the seafloor 
and submerged ridges shallower than roughly 3-km depth (Masich et  al.,  2015; Trani et  al.,  2011). De Boer 
et al. (2022) also showed that when the topographic barriers are removed the meridional variability in the wind 
stress curl contours generally disappears, and that the removal of Southern Hemisphere orography is also inconse-
quential to the wave-3 pattern. Additionally, Blanchard-Wrigglesworth et al. (2021) showed that mean meridional 
winds are much weaker than zonal winds over the Southern Ocean, with a reduced impact on ACC flow and 
associated eddies.

On the other hand, previous studies based on satellite and drifter data (e.g., Sokolov & Rintoul,  2009b and 
references therein) demonstrated that bathymetry plays indeed an important role in triggering the spawning of 
eddies from the ACC. When the mean flow encounters the major topography, it is forced to move equatorward/
poleward, creating meanders that originate eddies (Barthel et  al.,  2017; Cai et  al.,  2022; Rintoul,  2018; Shi 
et al., 2023). Mesoscale eddies are ubiquitous in the Southern Ocean (Naveira Garabato et al., 2011) and affect 
the dynamic balance of the ACC (Rintoul, 2018), momentum exchange (Trani et al., 2014) and meridional heat 
transport (Cotroneo et al., 2013; Menna et al., 2020). Several eddy kinetic energy (EKE) hotspots are collocated 
with major topographic features distributed along the ACC path, such as the Pacific-Antarctic Ridge (PAR); 
the Kerguelen Plateau; the southwestern Indian Ridge; the Macquarie Ridge (south of the Tasman Sea) and the 
Campbell Plateau (Dufour et al., 2015; Falco & Zambianchi, 2011; Llort et al., 2018; Thompson & Sallée, 2012; 
Trani et al., 2014). However, model experiments showed that the EKE generally depends on the characteristics of 
the local topography, and the baroclinicity of the ACC flow, but it is not very sensitive to the variability of wind 
stress (Barthel et al., 2017; Cai et al., 2022; Shi et al., 2023).

In this study, we analyzed SIC data acquired around the Antarctic continent from May to December during the 
2002–2020 period to determine SIEs and identify the general SIE behavior and regional variations. Then, we 
focused on the Pacific sector of the SO and the sea-ice protrusion east of the PAR (at approximately 150°W) that 
usually extends up to 60°S. The PAR is a divergent tectonic plate boundary located on the seafloor extending 
from approximately 56°S to Antarctica that separates the Pacific and Antarctic plates (Figure  2) and repre-
sents an important hot spot of EKE (Falco & Zambianchi,  2011). The observed sea-ice protrusion has been 
previously linked to atmospheric factors, such as the Amundsen Sea Low (e.g., Fogt and Scambos, 2013, 2014; 
Fogt and Stammerjohn, 2015; Scambos and Stammerjohn, 2018, 2019; Stammerjohn, 2016; Stammerjohn and 
Scambos, 2017; Turner et al., 2009, 2016), the Southern Annular Mode (e.g., Marshall, 2003; Son et al., 2010) 
and the katabatic wind regimes (e.g., Farooq et al., 2023) that can explain part of its seasonal and interannual 
variability. Conversely, few studies have analyzed if/how local bathymetry exerts a control on this protrusion 
and what allows its recurrent formation, besides the seasonal and interannual variability driven by oceanic and 
atmospheric forcing (Nghiem et al., 2016).

Here, we confirm from observed data that the PAR influences the persistence of the sea-ice cover in this sector 
of the SO (Roach & Speer, 2019), guiding the ACC mean flow, constraining the location of its fronts and acting 
as a barrier to eddies that should guarantee the zonal heat transport when the ACC is deflected northward. To 
achieve this, the ACC front position, mesoscale eddy trajectories and their distribution were analyzed. Data-
sets and methodologies are described in Section 2. Section 3 reports and discusses the results. Conclusions are 
summarized in Section 4.
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2.  Data and Methods
2.1.  Sea-Ice Concentration and Extent

In this study we used daily 3.5 km resolution SIC data (Spreen et al., 2008) for May to December between 2002 
and 2020. This data is distributed by the University of Bremen (https://seaice.uni-bremen.de). These observations 
were collected through microwave passive sensors, including the Advanced Microwave Scanning Radiometer—
Earth Observing System sensor (AMSR-E) mounted on the Aqua satellite and the Advanced Microwave Scanning 
Radiometer 2 (AMSR 2) mounted on the GCOM-W1 satellite. Monthly SIC maps (May to December) covering 
the SO and its Pacific sector (80°W–160°E) during the 2002–2020 interval were obtained, taking into account 
the absence of data during November and December 2011 and in May 2012. From this data set, we extracted the 
SIE (namely, the northernmost edge of the ice-covered ocean areas where SIC is greater than 15%) and computed 
the median value (0%–90%) to describe the boundary position of the sea-ice for each month analyzed, as also 
described in Ansorge et al. (2015).

2.2.  Mesoscale Eddy Trajectories

In this study we use eddy trajectories and properties (e.g., translational mean speed and lifetime) from the 
META3.1 DT allsat data set (Pegliasco et al., 2022). This data set was published by AVISO (https://www.aviso.
altimetry.fr/en/data/products/value-added-products/global-mesoscale-eddytrajectory-product/meta3-1-exp-dt.
html) and was generated using the methodology outlined in Mason et al. (2014) and the DUACS DT2018 (Taburet 
et al., 2019) gridded 0.25° sea surface height data. The DUACS Sea Level product (published by the Copernicus 
Climate Change Service) is a daily time series of gridded Sea Surface Height (SSH), that began in January 1993 
and is still being updated. We used this data set to statistically describe the eddies in the study area, produce warm 
and cold core eddy distribution maps over the SO during the study period (2002–2020), and investigate eddy 
dynamics in relation to the ocean bathymetry, the ACC fronts position and the SIE variability.

3.  Results and Discussion
The maps of the SO SIC were averaged over the 2002–2020 period for each month from May to December and 
revealed the existence of two interesting areas in the Indian and Pacific sectors of the SO (Figure 1).

The first is represented by a recurring sea-ice deflection (at approximately 30°E) that is linked to the southward 
path of mesoscale eddies in this area (Ansorge et al., 2015) and to the presence of the South-West Indian Ridge, 
which significantly influences the sea-ice dynamics in that region.

The second one can be identified in the Pacific sector, where a recurring, and enhanced, sea-ice advance is 
located at approximately 150°W. At this longitude the sea-ice extends northward to approximately 60°S, and 
represents an interesting regional behavior that determines the northward shift of the Marginal Ice Zone (MIZ). 
The recurring SIE maximum is clearly evident during the peak winter months (i.e., August and September), with 
some annual variability, as previously observed by Parkinson (2019).

The presence of the sea-ice protuberance in the longitude band between 150°W and 140°W is clearer in the maps 
of the median SIE presented in Figure 2a. The contour lines of the median SIE corresponding to the western 
side of the protuberance are aligned along the main SW-NE axis of the PAR. At approximately 150°W, the PAR 
extends to lower latitudes shifting from approximately 66°S at 180°–60°S at 150°W; thus, the maximum SIE can 
be identified immediately further east of the PAR during most of the analyzed months. These characteristics are 
more evident during the winter sea-ice growth phase in July and August, and the northern edge of the protuber-
ance shifts progressively further east due to the forcing of the ACC and wind during the following months (e.g., 
from September to December). This eastward migration is also encouraged by the ACC incidence on the sea-ice 
protuberance, which may be greater in the period in which the ice is not as thick.

This behavior is likely connected to the northward shift of ACC streamlines and fronts (including the southern 
ACC front—sACCf) due to the presence of the PAR (Figure 2b). Starting from the west, the ACC initially follows 
the PAR, and is diverted to the north. However, when it reaches 150°W, it crosses the PAR at the Udintsev 
and Eltanin fracture zones, which are areas of enhanced EKE development. This result agrees with the litera-
ture, which states that flow instabilities, most notably the baroclinic or shear flow instability mechanism (Best 
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et al., 1999; Wolff, 1999), and the consequent eddy generation sites are known to be closely correlated with areas 
where the ACC crosses prominent bottom topographic features, such as mid-ocean ridges (Cotroneo et al., 2013; 
Shi et al., 2023; Sokolov & Rintoul, 2009a; Swart et al., 2008; Trani et al., 2014).

Similarly, we propose that the PAR also influences the path of ACC eddies that extend deeper into the water 
column and affect their interaction with sea-ice in the study area (Roach & Speer, 2019). The sea level anomaly 
(SLA) derived eddy trajectories provided by DUACS were processed to generate monthly anticyclonic (warm 
core) and cyclonic (cold core) eddy distribution maps over the Pacific sector of the SO from May to Decem-
ber during the 2002–2020 period. To evaluate the relationships between eddies and sea-ice, we superimposed 
the median SIE contours for each month on the monthly eddy distribution map (see Figure 3 and Figure S1 in 
Supporting Information S1).

In both August and December, the concentration of eddies on the eastern side (downstream) of the PAR is much 
lower than that on the western side (upstream). This is explained by the presence of shallower depths that influ-
ence both the formation and propagation of the vortices. Previous studies have reported that eddies do not reach 
areas shallower than 2,000 m (Cotroneo et al., 2013) because of the deep structure of eddies and the conservation 
of potential vorticity (Fu et al., 2010; Lu & Speer, 2010; Sallée et al., 2011; Thompson & Sallée, 2012).

The cyclonic eddies (green trajectories in Figure 3) follow the PAR, as well as the contours of the median ice 
extent. They are characterized by longer and more uniform trajectories in contrast to the anticyclonic eddies (in 
red), which appear less regularly and present fragmented trajectories. Some eddies also seem to cross the median 
SIE while following the Ross Gyre circulation (Figure  3). As satellites (altimetry) cannot provide SSH data 
below ice, we infer that the presence of these eddies is due to the difference between the represented median SIE 
monthly average (2002–2020) and the actual SIE during a specific month/year. The ice-free areas immediately 
east of the PAR are indeed characterized by a very low number of eddies. Furthermore, a predominance of cold 
core eddies along the northern sea-ice boundary can be observed.

We integrated these qualitative results with a statistical analysis providing quantitative information about the 
main characteristics of the mapped mesoscale eddies. Warm and cold core eddies identified during the 2002–
2019 period in the area south of 45°S between 120°E and 120°W were analyzed via the observations of their 
mean characteristics and associated standard deviations. Since the ACC constantly flows eastward, this subset 

Figure 1.  Sea-ice concentration averaged over the 2002–2020 period for the months from May to December. The concentration is expressed as a percentage (shown in 
color).
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includes the mesoscale structures located west of the PAR (i.e., upstream of the ridge) which are the most inter-
esting for studying their interaction with the sea-ice protuberance.

The overall number of cyclonic and anticyclonic eddies is very similar, as well as the respective average charac-
teristics, such as diameter, lifetime, ∆ SSH (i.e., the difference in SSH between the center and the SSH around 
the contour that defines the edge of the vortex), rotational and translational speed (see Table S1 in Supporting 
Information S1). The data used to evaluate the eddies' physical parameters are direct measurements obtained 
through remote sensing, apart from the translational speed which was derived by analyzing the distance between 
two consecutive positions of the same eddy. These statistics, and the eddies' tracks, confirm that both cyclonic 
and anticyclonic structures have similar opportunities to reach and interact with the sea-ice edge if they form in 
the same area.

To examine where anticyclonic eddies were concentrated, we produced frequency maps for 1993–2020 using 
a 0.5° × 0.5° grid (Figure 4). Each 0.5 × 0.5° cell contains the number of eddies that passed through that cell 

Figure 2.  (a) Mean positions of the main Antarctic Circumpolar Current fronts (white lines), adapted from Menna et al. 
(2020). From north to south: Northern Sub-Antarctic Front (NSAF), Southern Sub-Antarctic Front (SSAF), Polar front 
(PF) and Southern ACC Front (sACCf) as defined by Orsi et al. (1995) and Sallée et al. (2008). (b) Median sea-ice extent 
(0%–90% sea-ice concentration) for the months between May and December (colorcoded), obtained through SIC data over 
the 2002–2020 period. The bathymetry of the Pacific sector of the Southern Ocean is represented and expressed in meter. The 
position of the Pacific-Antarctic Ridge (PAR) is circled in red.
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just once, which excludes the eddies recirculating within the same grid cell. Figure 4a shows that the western 
(upstream) side of the PAR (identified by the 2,500 and 2,600 m depth isolines) is characterized by a higher 
concentration of eddies than the eastern (downstream) side.

Conversely, an increase in the number of eddies is observed downstream of the PAR (56°S and 135°W), next to 
the Udintsev fracture zone, where the ACC and the eddies overcame the influence of the PAR. Furthermore, it is 
interesting to note that when comparing anticyclonic (Figure 4b) and cyclonic (Figure 4c) eddy frequency maps, 
a larger number of cold core than warm core structures can be identified over the PAR.

Figure 3.  (a) August and (b) December anticyclonic (red) and cyclonic (green) eddy distribution maps overlapped on the 
respective median ice extent (0%–90%), relative to the 2002–2020 period. The bathymetry is expressed in meters (see color bar).
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Figure 4.  Frequency maps of (a) all the observed eddies and their classification in (b) anticyclonic and (c) cyclonic 
structures during the 1993–2020 period within 0.5 × 0.5° grid cells. The −2,500 and −2,600 m bathymetric contour lines are 
represented in black.
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Therefore, as shown in both Figures 3 and 4, the concentration of eddies is much greater in the sectors immedi-
ately west of 150°W and east of 140°W, which aligns with the region where the PAR shifts more markedly toward 
lower latitudes (at approximately 150°W).

Thus, the SIE is influenced by this asymmetric distribution of the eddies. In fact, previous studies describing the 
mechanisms of interaction between cyclonic/anticyclonic eddies and the MIZ in the Northern Hemisphere (e.g., 
Manucharyan & Thompson, 2017) demonstrate that both cold core and warm core eddies favor sea-ice melting 
and MIZ retreat. However, in the study area, the presence of the PAR represents a strong barrier that prevents 
cold core eddies from propagating eastward (toward the MIZ) and forces them to move northward. By diverting 
eddy trajectories northward, the PAR strongly constrains the eddy patterns and prevents or reduces their interac-
tion with the sea-ice edge that generally follows the PAR contours for all the months analyzed (Figure 2a). The 
PAR effect is also confirmed by the absence of eddies along the eastern (downstream) edge during the austral 
summer months, when SIE is limited to higher latitudes (Figure 3b). This favors the exceptional growth of the 
SIE at 150°W, which is disrupted only by sporadic anticyclonic mesoscale structures coming from the east of the 
ice protuberance. Owing to the absence of a ridge, the oceanic area east of the PAR (130°W–150°W) is instead 
characterized by a greater freedom of motion for eddies, which results in less regular median SIE contours due to 
eddies chaotic trajectories and their role in favoring sea-ice melting.

In summary, the PAR acts as a shield sustaining the formation of sea-ice by diverting the ACC northward 
(Figure 2b) and allowing cold water masses to reach more northerly locations. The PAR also influences the 
meridional heat transport by deflecting the eddy tracks in the area and preventing their interaction with the MIZ. 
This action favors the formation of the observed recurring sea-ice protuberance at approximately 150°W that 
results in an exceptional growth of the ice-covered area in this sector.

To provide a quantitative estimation of this phenomenon, we divided the Pacific sector of the SO into three longi-
tudinal bands, each 25° wide (i.e., 175°E–160°W, 160°W–135°W and 135°W–110°W), and calculated the ice 
area that forms between May and August in each sector based on the latitudinal difference between the respective 
median SIE contours over the study period. As expected, the sector that includes the PAR (i.e., 160°W–135°W) 
is characterized by an expansion in sea-ice (104,537 km 2) that is approximately twice that observed in the neigh-
boring western (43,720 km 2) and eastern (58,244 km 2) sectors.

4.  Conclusions
In this study, we explored May to December sea-ice variability around the Antarctic continent over the 2002–
2020 period. This analysis allowed us to identify and describe the recurring sea-ice protuberance that forms in 
the Pacific sector of the SO, extending equatorward to 60°S at approximately 150°W longitude. This structure is 
usually identified immediately east of the PAR, a divergent tectonic plate that is significantly shallower than the 
surrounding ocean. To this end, we processed available altimetric information to generate frequency and distri-
bution maps of the trajectories of the mesoscale cyclonic and anticyclonic eddies in the study area during the last 
two decades. Then, we carried out a combined analysis involving collocated observations of sea-ice and SSH, 
which confirmed that the PAR acts as a barrier that deflects the flow of ACC to the north; therefore, most of the 
eddies that reach the PAR approach from the western side. This action has an impact on the local SIE variability, 
allowing cold water masses to reach lower latitudes, reducing the interaction of eddies and the ACC with the 
sea-ice edge, and favor the formation of the sea-ice protuberance observed just east of the PAR. This results in an 
expansion of the ice-covered area between 160°W and 135°W, which includes the PAR. The SIE in this region 
surpasses the adjacent upstream and downstream sectors by approximately 60,817 and 46,293 km 2, respectively.

Based on these results, it would be interesting to broaden the period of analyses to at least 30 years in order to 
properly analyze climatological impacts. It may be possible to extend the record of eddy tracks back to 1993, the 
first year in which reliable satellite altimetry is available. Unfortunately, the AMSR-E and AMSR2 products do 
not allow us to obtain information prior to 2002. Therefore, analyses prior to the past twenty years require the 
use of different sea-ice products with much lower spatial resolutions (e.g., the Special Sensor Microwave Imager 
and the Special Sensor Microwave Imager/Sounder which were carried onboard the Defense Meteorological 
Satellite Program satellites since 1987). However, to ensure homogeneity using SIC—SIE products characterized 
by different nominal resolutions, a comparison of respective results obtained during coincident periods would 
be desirable.
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Future work will also focus on meteorological parameters, for instance, to investigate the relationship between 
the PAR, sea-ice and local synoptic winds, to determine whether there are wind patterns that are favorable to 
SIE increases and, if so, which patterns contribute to regional sea-ice protrusion formation, besides the known 
seasonal and interannual variability driven by atmospheric forcing.

Data Availability Statement
All observational datasets used in this study are publicly available. Sea-ice products analyzed in this study are 
available from the University of Bremen at https://seaice.uni-bremen.de/data/amsre/asi_daygrid_swath/s3125/ 
and https://seaice.uni-bremen.de/data/amsr2/asi_daygrid_swath/s3125/. The META3.1exp delayed time data-
set is available from AVISO+ at https://www.aviso.altimetry.fr/en/data/products/value-added-products/glob-
al-mesoscale-eddy-trajectory-product/meta3-1-exp-dt.html.
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