
Response to the comments of Dr. Kaihe Yamazaki 

This manuscript investigates the influence of the ACC fronts on the climatological mean 
position of the Antarctic winter sea ice edge. Using established frontal definitions (Orsi et al., 
1995; Park et al., 2019) and observational/reanalysis datasets for sea ice, atmospheric, and 
oceanic variables, the authors find strong correlations (> 0.85) between the latitudes of all 
major ACC fronts and the winter sea ice edge. The Polar Front (PF) is identified as the most 
consistent indicator. The study proposes two primary mechanisms for this control: 1) 
poleward heat transport by mesoscale eddies generated downstream of topographic barriers, 
and 2) atmospheric warming above warmer surface waters near the PF, with this heat 
subsequently transported poleward towards the ice, particularly with southward-directed 
winds. The authors conclude that bathymetry, by shaping the PF's path, strongly constrains 
the winter sea ice edge. 

General Comments: 

A very well-written, clearly structured, and valuable contribution to understanding the 
controls on Antarctic sea ice extent. The study addresses an important and under-explored 
link in a circumpolar manner. The use of multiple frontal definitions and a relatively simple 
yet effective methodology lends robustness to the main conclusions. The identified 
mechanisms are physically plausible and supported by the presented evidence and previous 
studies. The figures are generally clear and effectively support the text, with Figure 9 
providing an excellent summary. 

We would like to thank the reviewer for his positive evaluation of our manuscript and the 
constructive comments. Our responses below are in blue and the suggested modifications in 
the text in green. The line numbers of the revised version correspond to the version with track 
changes. 

My concern is the relative lack of discussion on the role of subpolar gyres and the Antarctic 
Divergence. These features are intrinsically linked to the ACC, upwelling of CDW, and 
spread of WW, and thus might be highly relevant to SIE positioning. The central narrative 
that the "ACC/PF controls the winter sea ice edge," while supported by the presented 
correlations, might potentially be a trivialization or, at least, could benefit from a more 
nuanced discussion of these interconnected Southern Ocean dynamics. 

We totally agree that the Southern Ocean dynamics includes many aspects that are 
interconnected and it is not easy to identify the contribution of individual mechanisms as they 
can be linked or driven by similar constraints, such as land topography or oceanic bathymetry. 
Specifically, we have extended in the revised version the discussion of the role of the subpolar 
gyres and more generally of the role of horizontal ocean currents. We hope this brings a more 
nuanced interpretation of our results. We have also correlated the position of Antarctic 
Divergence with the one of the winter ice edge and found lower correlation than for the fronts. 
More details are given below following the related specific comments. 

Specific Comments: 

1. The manuscript does mention subpolar gyres (L338-340: "Consistent with the 
development of the subpolar gyres to the south of the ACC..."). However, their role 
feels somewhat secondary to the direct influence of the fronts. Subpolar gyres are 



major conduits for heat towards the Antarctic continent and potentially influence 
subsurface ocean heat content and sea ice formation/melt. I think the authors can 
elaborate on how the ACC fronts interact with or shape these gyres, and how gyre 
dynamics themselves contribute to the SIE position. Is the gyre influence primarily a 
consequence of the ACC's path (as implied), or do they exert a more independent, 
synergistic control on the SIE alongside the fronts? Ultimately, the authors may want 
to present how the ACC is more important than gyres in locating the SIE. The 
discussion on EKE hotspots (L348-353) or somewhere around could be a place to 
better integrate gyre dynamics, as these are often associated with gyre boundaries or 
instabilities. As a consequence of such discussion, can we still say “the ACC is 
controlling the winter sea ice edge“? 

We acknowledge that the discussion of the gyres and more generally of large-scale 
currents was brief in the submitted version. There were three main reasons for that.  

• First, our outlook is that the path of the large-scale currents poleward of the 
ACC and the position of the gyres are all constrained by oceanic bathymetry. 
Therefore, the position of gyres and the position of the ACC, are directly 
connected by having the same constraint. In particular, the two of the main 
gyres (Weddell and Ross Gyres) form around the major embayments around 
the Antarctic continent and are shown to follow the major bathymetric features 
to the north. Because of those relationships, the position of the fronts (which 
we use as a central diagnostic in our study) brings some information on the 
ACC itself but also on the horizontal circulation and the location of the gyres. 
It is thus difficult to disentangle the direct contribution from the ACC from an 
indirect one coming for instance from the role of the gyres.  

• Second, there are different views on the structure of the Subpolar gyres in the 
Southern Ocean with most studies mainly presenting only the two main gyres 
(Weddell and Ross Gyres) (e.g. Armitage et al. 2018; Dotto et al., 2018; 
Vernet et al., 2019), while some others present one supergyre from the 
Weddell Sea to the Ross Sea (e.g., Sonnewald et al., 2023), with also smaller 
subpolar gyres in the Indian Ocean sector (e.g., Yamazaki et al. 2020). In 
contrast to the other diagnostics presented in the submitted version, we did not 
find a good way to present a robust and circumpolar diagnostic allowing to 
study the link between the subpolar gyres and the position of the ice edge as 
for the other elements investigated here. Of course, this does not preclude the 
role of the gyres in some regions as we mentioned in the submitted version 
L338-340.  

• Third, the Ross and the Weddell gyres are located south of the winter ice edge. 
Consequently, while they are essential elements of the heat balance at higher 
latitudes, they are not expected to contribute directly to the southward transport 
of heat to region of the winter ice edge. They can only influence it indirectly 
through their role on the advance of sea ice in fall when the ice edge is 
positioned southward of the northern limit of the gyre.  

Nevertheless, we have expanded the discussion of the potential role of the gyres 
replacing L338-340 of the submitted version by the following (Lines 373-387 of the 
revised version): 



The development of the subpolar gyres (which are located southward of the ACC) is 
connected to the path of the ACC itself, with both the gyres and the ACC being 
controlled by the oceanic bathymetry (Armitage et al., 2018; Patmore et al., 2019; 
Wilson et al., 2022). The southward shifts of the fronts and associated large-scale 
currents at 20°E and 220°E correspond to the traditional eastward limits of the 
Weddell and Ross gyres (e.g. Dotto et al., 2018; Vernet et al., 2019). Each of these 
regions is located in a southward branch of a gyre, contributing to the oceanic heat 
transport towards the Antarctic continent. While this transport is essential for the heat 
balance at high latitudes, the Weddell and Ross gyres are located to the south of the 
winter ice edge. Consequently, the gyres do not directly transport heat to the region of 
the winter ice edge. However, they can play an indirect role through their impact at 
higher latitudes and on the sea ice advance in fall, when the ice edge is positioned to 
the south of the gyres’ northern limit (Morioka and Behera, 2021; Neme et al., 2021). 
Furthermore, the subpolar circulation cannot be reduced to the Weddell and Ross 
gyres (e.g., Sonnewald et al., 2023). In particular, it has been argued that smaller sub-
gyres are present in other sectors of the Southern Ocean, as in the Indian Sector (Aoki 
et al., 2010; Yamazaki et al., 2020), where they could be closer to the ice edge and 
contribute to meridional exchanges there. 

We have also ensured that the text is nuanced enough each time we discuss the role of 
the ocean in transporting heat southward, insisting that this transport is not limited to 
eddies but horizontal currents, in connection with the subpolar gyres, can also play a 
role, in particular in the abstract (Lines 23-25) and in the conclusion (Line 549). 

We answer specifically the reviewer’s point ‘can we still say “the ACC is controlling 
the winter sea ice edge“?’ in our answer to comment 3. below. 
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2. The Antarctic Divergence is a circumpolar feature characterized by the zero zonal 
wind and the associated surface Ekman upwelling. This potentially impacts mixed 
layer depth and temperature, which might be crucial for sea ice formation and the 
position of the SIE. I hope the manuscript should explicitly discuss the potential role 
of the Antarctic Divergence. How does its mean position relate to the ACC fronts and 
the SIE? Could variations in upwelling along the Divergence explain some of the 
regional variability in the SIE or the distance between the PF and the SIE? How is it 
related to the surface meridional winds mentioned in the manuscript? The influence is 
not just about heat transported from the PF, but also about heat supplied from ocean 
closer to the ice edge via wind-driven divergence of ice floes. 

The dynamics of the Southern Ocean and the characteristics of the water masses are 
strongly influenced by the Antarctic Divergence and the associated upwelling. 
However, the Antarctic Divergence is located southward of the winter ice edge at all 
longitudes (Figure R1). This means that the heat supplied to the surface at the Antarctic 
Divergence does not directly contribute to the balance at the ice edge but of course it 
can have an indirect effect, as discussed above for the gyres. Furthermore, the position 
of the Antarctic Divergence displays much less variation as a function of longitude than 
the winter ice edge or the Polar Front. The correlation between the Antarctic Divergence 
and the winter ice edge reaches 0.43 i.e. much less than between the position of the 
Polar Front and the one of the ice edge. This suggests that the constraint brought by the 
position of the Antarctic Divergence on the position of the winter ice edge is weaker 
than the one of the fronts. We have repeated the analysis with other diagnostics of the 
wind-driven divergence such as the latitude of the maximum wind stress curl or of the 
maximum of the derivative of the zonal wind stress as a function of latitude, arriving at 
similar conclusions. This is consistent with the broader picture that zonal winds (and 
atmospheric temperatures) display less zonal differences than oceanic variables such as 
the SST or the position of the fronts. This indicates that the differences in the latitudinal 
position of the ice edge between the different sectors is more controlled by oceanic 
processes (and the bathymetry) than by atmospheric ones such as the position of the 
zero zonal wind. This is discussed in the revised version at the end of the new subsection 
3d ‘d/ Atmospheric processes responsible for the link between the position of the ACC 
and the winter ice edge’ (Lines  466-474) :  

By contrast, although westerly winds have a large impact on the oceanic upwelling and 
thus on the temperature at depth in the ocean, the correlation between the location of 
the Antarctic Divergence and that of the winter ice edge reaches only 0.43 i.e. much less 
than between the position of the fronts and that of the ice edge. The Antarctic 
Divergence is defined here as the latitude at which the climatological zonal mean wind 
velocity is equal to 1 m s-1 in September. We have chosen this value instead of the 
traditional definition, based on a zero mean zonal wind, as in some regions of the Ross 
Sea the value is positive at all the latitudes of the Southern Ocean in the ERA5 



reanalysis. This avoids the occurrence of undefined values for some longitudes and 
induces only a very minor shift in the other regions. 

 

 

Figure R1. Latitudes of the climatological mean winter ice edge, of the Antarctic Divergence 
(Div) and of the Polar Front as a function of longitude, using definitions of Park et al. (2019) 
and Orsi et al. (1995). The Antarctic Divergence is defined here as the latitude at which the 
climatological zonal mean wind velocity is equal to 1 m s-1 in September. We have chosen 
this value instead of the traditional definition, based on a zero mean zonal wind, as in some 
regions of the Ross Sea the value is positive at all the latitudes of the Southern Ocean in the 
ERA5 reanalysis. This avoids the occurrence of undefined values for some longitudes and 
induces only a very minor shift in the other regions.  

3. While the correlations are strong, the term “control” sounds like a very direct and 
dominant causal mechanism. The ACC fronts (and gyres) are themselves largely 
controlled by bathymetry. The paper argues the fronts are key mediators of this 
bathymetric influence on the SIE. This is plausible. While the authors do use 
“constrain” and “influence,” consider if the overarching message of “control” is fully 
supported for all aspects, or if wording like “influence” or “constrain” could be more 
accurate in some contexts (especially when considering currently unaddressed roles of 
gyres and the Divergence). 

The word “control” may indeed seem too strong for some aspects. It is the reason why 
in many paragraphs of the text we used “constrain” and “influence”. Our intention 
with the title ‘On the control of the position of the winter sea ice edge by the Antarctic 
Circumpolar Current’ was to state that the goal of the paper was to investigate this 
potential control, not to give the conclusion that such control is the only element 
setting the position of the ice edge. As this may give a wrong impression of our 
overarching message, we suggest removing the word ‘control’ to the title and to 
change it to ‘Winter sea ice edge shaped by Antarctic Circumpolar Current pathways’. 

We consider that the word ‘control’ can still be used, for instance when we mention 
the influence of the bathymetry on the path of the ACC or the eddy hotspots, but we 
have checked the whole manuscript for each occurrence of ‘control’ to ensure that it 
does not imply a dominant causal mechanism when this is not necessarily the case and 
modified the text where a misinterpretation might occur.  



4. The two proposed mechanisms (eddy heat transport and atmospheric heat transport 
mediated by SSTs near the PF) are The link between southward-directed winds and 
atmospheric heat transport (L391-396) is interesting. However, the correlation 
between meridional winds and the PF-SIE distance is positive (Table 2, Fig 4), 
suggesting stronger southerlies are associated with a larger PF-SIE distance. The text 
(L312-318) acknowledges this and argues against wind-driven sea ice transport being 
the primary factor for this correlation. The subsequent argument for winds influencing 
atmospheric heat transport (L391-396) needs to be carefully reconciled with this 
earlier point to avoid reader confusion. Perhaps the argument is that despite stronger 
southerlies pushing ice north (which would intuitively decrease the PF-SIE distance if 
the PF were a fixed barrier), the atmospheric heat transport effect in regions with 
southward winds (from PF to SIE) is more dominant in setting the SIE further south 
(thus increasing the PF-SIE distance if the PF is far north). I think this needs very clear 
articulation. 

The Reviewer is totally right, and that is the message we wanted to convey in this 
paragraph. The discussion was too short in the submitted version and we have 
reformulated the argument in the revised version to make this clearer, adding also a 
more explicit reference to the subsection where we discuss first the potential impact of 
meridional winds on sea ice transport (Lines 444-449):  

This leads to a positive correlation between the winds at 60°S and the distance 
between the ice edge and the PF (Table 2, Fig. 4). Stronger northward winds could 
push the sea ice to the north, closer to the fronts. This would lead to a negative 
correlation between the meridional winds and the distance between the ice edge and 
the PF (see section 3b). However, this effect is overcompensated via the influence of 
the meridional winds on the heat transport, which explains the positive correlation. 

5. To better understand the spatial extent of the ACC front-SIE relationship, I hope the 
authors to consider estimating a characteristic horizontal length scale of the observed 
high correlations. Analyses like lagged spatial correlation or spectral methods could 
achieve this. 

The correlation remains high on a large horizontal length scale (Figure R2), which is 
consistent with the latitude of the fronts and the ice edge that displays high auto-
correlation on length scales of several tens of km. For instance, if we analyse the 
correlation between the latitude of the PF (definition of Orsi et al.,1995) and the 
position of the ice edge at different spatial lags, the correlation remains positive from 
lag of -100° of longitude (PF shifted westward) to a lag of 71° of longitude (PF shifted 
eastward). The correlation remains higher than 0.45 (half of the maximum value) from 
a lag of -54° to 36°. The maximum correlation is found for a lag of -1° but the 
difference with the value at lag zero is very small (0.9005 compared to 0.8991). To 
highlight this point, we have added in the revised version the following sentence when 
we discuss Fig.3 (Lines 271-274): 

The correlation remains high (with values larger than half of the peak correlation) for 
a spatial lag between the positions of the ice edge and of the front exceeding 30° of 
longitude, indicating that the observed high correlations have a large horizontal scale. 
The peak correlation is generally very close to a spatial lag of zero degrees of 
longitude. 



 

Figure R2. Lagged spatial correlation between the latitude of the ice edge and the 
latitude of the Polar Front (following the definition of Orsi et al. 1995) for lags 
between -180° of longitude (PF shifted westward) and +180° of longitude (PF shifted 
eastward). 

6. Although the focus on the climatological mean is a valid simplification, it would be 
beneficial to briefly acknowledge in the discussion that interannual variability of 
winter sea ice edge, regarding the recent sea ice extremes, even if it's beyond the scope 
of this paper. 

As suggested we have added a short discussion of the interannual variability, as a 
perspective in the last paragraph of the revised version (Lines 575-580):  

In this framework, the interaction with the ACC could first reduce the sea ice 
variability where the fronts are close to the ice edge, by limiting strongly the 
northward expansion of the pack and capping sea ice variations. Secondly, the 
variability of frontal positions could underpin changes in sea ice extent. It would be 
very instructive to investigate how these two potentially opposed ACC contributions 
to sea ice variability interact, and which one dominates as a function of location and 
timescale. 

7. L290: “the further north the fronts are, the larger the distance between the fronts and 
the winter ice edge.” – Intriguing. I wonder why this is the case, and the authors might 
also want to explain more about it (perhaps in terms of the meridional gradient of 
ocean temperature and/or EKE). 



In the submitted version, we discussed this positive correlation between the distance 
from the fronts to the ice edge and the latitude of the fronts in the paragraph following 
the sentence (the paragraph including this sentence is only descriptive). We have added 
the information explicitly to make this clearer in the revised version. Our argument is 
that a Polar Front located more northward has a weaker relative contribution to the 
position of the ice edge than a front located more southward, where the climate is on 
average colder and the role of the front more dominant. This leads to the larger distance 
between the ice edge and the fronts when the fronts are more northward. In other words, 
the oceanic and atmospheric heat transport from the PF latitude to the south must 
compensate for the heat losses at a particular latitude in order to prevent sea surface 
temperature to reach the freezing point and sea ice formation. If the front is located at a 
more southward position, the surface temperature is colder and the oceanic heat losses 
can be very large. The heat transported southward of the PF are thus sufficient to prevent 
ice formation over a few degrees of latitude south of the PF only. This leads to a smaller 
distance between the PF and the ice edge than where the PF is more northward and thus 
in regions where the climate is milder. This effect can be modulated by the wind 
direction (this part will be modified in the revised version to make the links stronger, 
see the response to point 4 above). We also discuss this contribution of the atmospheric 
and oceanic heat transport from the front in the Results section (labelled subsection 3d 
in the revised section). However, we were not able to find a clear link between the 
latitude distance between the front and the ice edge with SST gradients or with EKE, 
the latter having too large longitudinal variations to identify a systematic effect of 
latitude.  

To make this clearer, we have also rewritten the paragraph in which we explain the 
origin of the positive correlation (Lines 316-326):  

To interpret the correlations between the ice edge–front distance and the latitude of the 
fronts, we focus on the PF because of its stronger surface signal. Following a general 
principle, in winter, the heat transported from the latitude of the PF to the ice edge must 
balance at all longitudes a significant fraction of the oceanic heat loss to the atmosphere 
in order to keep surface temperatures above freezing and restrain sea ice advance. At 
southernmost ice edge latitudes, as in the Pacific sector around 260°E, atmospheric 
temperatures are colder, oceanic heat loss is stronger, and thus a larger heat flux from 
the PF is required to prevent ice formation. Since transport decreases with distance 
because of this surface heat loss, this is only possible over relatively short distances, 
forcing the ice edge to remain close to the PF. By contrast, when the ice edge is further 
north, the atmosphere is milder, oceanic heat loss is smaller, and less heat is needed to 
prevent freezing. In this case, the PF can be more distant from the ice edge, while still 
providing enough heat to prevent ice formation. 

8. The Results section is quite extensive. Please consider dividing it into thematic 
subsections for readability. 

As suggested, we have added in the revised version subsections in the Results section.  

9. Fig 2: Adding the winter sea ice edge would be useful for interpretation. Please also 
clarify which definition is adopted for the frontal positions (perhaps Orsi or Park) in 
the caption. 



The position of the winter ice edge has been added in the revised version. The front 
follows the definition of Orsi. This is now specified in the revised version. 

10. Fig 4: Please unify the y-axis ticks for the wind velocity. 

As suggested, we have unified the y-axis ticks for the wind velocity in the revised 
version. 

11. Is Fig 8 supposed to be referred in somewhere around L409-420? 

Sorry to have missed this reference. We have added in the revised version a reference 
to Fig. 8 when presenting the regression model. 

12. Fig 9: Might be more effective and easier to interpret if presented in a normal plan 
view (top-down map perspective) rather than the current tilted view. 

We agree that a normal plan view is simpler but we have made some tests and did not 
found that it was much easier to interpret or more informative than the tilted view. As 
the tilted view has the advantage is to show clearly that this figure is a sketch, in 
contrast to the other figures in normal plan view, we propose to keep the tilted view in 
the revised version. 

I believe that addressing these points will strengthen the manuscript and offer a more 
balanced perspective on the complex oceanographic controls influencing the Antarctic winter 
sea ice edge. This work is otherwise of high quality and is well-suited for publication in The 
Cryosphere. I sincerely thank the authors for their valuable contribution and look forward to 
their response. 

Thanks again for the constructive suggestions that have improved the quality of our 
manuscript and strengthen our conclusions. 

  



Response to the comments of Martina Zapponini 

The study discusses the influence of the Antarctic Circumpolar Current (ACC) on the position and 
dynamics of the winter sea ice edge in the Southern Ocean, highlighting the role of the Polar Front (PF) 
among various oceanic fronts and different heat transport mechanisms. The definitions of ACC fronts 
are based on both oceanographic observations and satellite data, which are used to analyze their 
relationship with the mean location of the sea ice edge. The PF is identified as the best indicator of the 
ACC's influence on sea ice, due to the lower uncertainty in its position derived from observations and 
its greater independence from sea ice processes. It influences sea ice advance and the position of the 
winter ice edge by modulating heat transport toward high latitudes, both through oceanic processes 
(via eddy-induced transport) and atmospheric processes (via meridional wind transport). Through 
regression models predicting the winter ice edge position using the latitude of the PF, eddy kinetic 
energy (EKE), and wind velocity, the authors find that PF latitude is the most reliable predictor. 
Including EKE or winds leads to little or no improvement in predictive skill. 

The manuscript is overall well written and clear. The methodology and results are presented in a clear 
and sufficiently detailed manner. 

We would like to thank the reviewer for the positive evaluation and the suggestions that have 
contributed to improve the quality of our manuscript. Our responses below are in blue and the 
suggested modifications in the text in green. The line numbers of the revised version correspond to 
the version with track changes. 

My only main comment concerns the use of mean wind speed at 60°S, which is often not co-located 
with the PF or the sea ice edge. This could result in only a partial assessment of the impact of winds 
on the atmospheric heat transport from the PF to the sea ice. 

We selected the mean wind speed at 60°S as it is representative of the winds at high latitudes in the 
Southern Ocean, close to the ice edge. Compared to the winds at the latitude of the PF or of the sea 
ice edge, this choice has the advantage that it does not require any information on the location of 
the PF or of the ice edge and is thus independent of those locations. As suggested by the reviewer, 
we have repeated the analyses using the wind speed at the location of the PF and of the ice edge. 
This has some influence on the values obtained but without major changes in our conclusions. This is 
discussed in more details below in the response to the specific comments on this point. 

Minor comments 

Line 37. “the sea ice seasonal cycle of sea ice cover” - there is a repetition 

This has been removed in the revised version.  

Figure 1,3,4. Blue and purple are not an ideal combination for color-blind safe figures. I suggest using 
a different color combination 

Before submission, we have checked the figures using the site https://www.color-
blindness.com/coblis-color-blindness-simulator/ to choose the colors. There is no ideal solution but 
we find that the selected colors were a good compromise, as they have different lightness values. We 
also tested the option to have dashed or dotted lines but the front positions display rapid 
fluctuations and this breaks in some region the continuity of the curve. We are of course open to all 
the suggestions to improve the quality and readability of our figures and happy to change them at 
any stage, including at the production stage, if a better option is found. 

Line 71. variability and noise are weaker than at surface 

https://www.color-blindness.com/coblis-color-blindness-simulator/
https://www.color-blindness.com/coblis-color-blindness-simulator/


Thanks, this has been corrected in the revised version.  

Line 70-81. It is not clear whether the two identifications methods are linked or represent two 
distinct approaches. The paragraph could be rephrased to clarify this point. 

The two identifications methods are based on different observations (satellite versus in situ) and 
criteria. However, they are linked as the criteria selected to define the front from satellite 
observations are selected to match the position of the front inferred from in situ observation in key 
locations, where the fronts are well defined and observed.  
 
After a few rounds of discussion among co-authors, we reached a consensus to reduce the technical/ 
methodological information inside the introduction section and focus on that in the methods section. 
So, we will direct the readers to section 2a and include in section 2a the following. 

In the introduction (Lines 77-81): 
The correspondence between the sea surface height (SSH) gradients linked to those jets and specific 
SSH values have led to another method for identifying frontal positions using a judicious choice of 
circumpolar SSH contours (See section 2a for more details on frontal definitions) . 

In section 2a (Lines 162-164):  
These two definitions are thus linked but they are based on independent data sets (i.e. in situ 
measurements of ocean properties for Orsi et al., 1995, and satellite observations of SSH for Park et 
al., 2019). 

Line 210. The PF's position relative to the ice edge is more consistent between regions. However 
without further evidence, you cannot conclude yet that PF’s influence is more robust. 

We have suppressed the word ‘robust’ as we agree that we cannot conclude without additional 
evidence. 

Line 211. The sACCF and the SBdy are close to the winter ice edge in several regions 

Thanks, this has been corrected in the revised version.  

Line 229-230. “which is systematically located…”- this phrasing is somewhat repetitive 

We have replaced ‘systematically’ by ‘always’ but we consider that the part of the sentence after 
‘which’ is necessary to have an explicit mention of the conditions for both the sACCF and the SBdy 
(close to the ice edge) and the PF (north of the ice edge). We could keep part of it implicit but we fear 
that it may be less clear for some readers, although we agree that for some other readers it may 
imply a repetition of the information. 

Figure 2. Square brackets denote “units of” in scientific notation: [Depth] m, so it would be more 
correct to use (m) instead of [m] 

As suggested, we has been used (m) instead of [m] on Figure 2 for the revised version. 

Line 251-254. This sentence is not clear, please consider rephrasing for clarity 

The goal of this sentence was to insist that, while the presence of warm water at depth is not a 
strong criterion to determine the position of the winter sea ice edge, it can still play a large role for 
other elements of the system, such as the melting of ice shelves. We propose to rephrase it to make 
this clearer (Lines 257-262):  



Besides, the presence of warm water at depth and its southward transport can have a dominant 
impact on other elements of the Southern Ocean system. For instance, a recent southward shift of 
the Circumpolar Deep Water, the sACCF and the SBdy has been observed off East Antarctica, 
potentially leading to additional melting of the ice shelves in this region (Yamazaki et al., 2021; 
Herraiz-Borreguero and Naveira Garabato, 2022). 

Line 263-266. The statement may not be fully supported unless the correlation with the distance 
from the coast or with other factors are also not reported. 

We agree with the Referee that this statement is not supported by our results. We have thus 
removed this sentence in the revised version. The alterative option to compute the correlation 
between the ice edge and other factors (such as the distance to the coast but potentially many 
others) could distract the reader from the flow of the discussion which is on the role of the ACC, not 
on other potential factors. 

Line 291-293. I think the fact that the distance between the front position and the sea ice edge shows 
a high correlation with latitude better explains the high correlate on between front position and sea 
ice edge latitude, rather than the magnitude of this distance, as mentioned earlier (lines 286–288). 

From our analyses, the correlation of the distance from the PF position to the sea ice edge with the 
latitude of the front reaches 0.82 and 0.83 for the two definitions of the front. The values are thus 
lower than for the correlation of the latitude of the front with the latitude of the ice edge (0.92 and 
0.90). This will be specified in the revised version. However, those lines are mainly descriptive, 
discussing only the correlations, so we prefer not to go deeper in the potential interpretation at this 
stage. We will also change ‘reason’ to ‘element that explains’ to insist on this descriptive objective 
(Lines 302-308): 

The main element that explains these changes in the distance between the winter ice edge and the 
fronts is the variation in the latitudes of the fronts and of the ice edge themselves: the further north 
the fronts are, the larger the distance between the fronts and the winter ice edge. The correlation 
between the distance from the fronts to the ice edge and the latitude of the fronts at the same 
longitude is higher than 0.80 (i.e. slightly less than the correlation between the latitude of the fronts 
and that of the ice edge), except for the SBdy following the definition of Orsi et al. (1995) (Table 2). 

Line 315. It should probably be “stronger northerly winds.” It may also be worth adding a clarification 
about the sign convention used for the wind direction. 

We checked and the sentence seems correct to us with ‘stronger southerly winds associated with a 
larger distance between the PF and the winter ice edge’. However, to avoid confusion we will add a 
definition of the convention in the first sentence of this paragraph (Lines 337-338): 

It is also possible that where southerly winds (i.e. winds from the south, corresponding to positive 
values on Fig. 4) tend to favour sea ice cover expansion by pushing it northward toward the PF,… 

Line 377. more zonal than the fronts 

Thanks, this has been corrected in the revised version.  

Line 388-390. It should be noted that there is also substantial heat loss in the Indian Ocean sector, 
despite the PF being located farther north. 

As mentioned in the submitted version (lines 385-387), there are major losses in nearly all the 
regions close to the ice edge; including in the Indian Sector. Nevertheless, the region with stronger 



oceanic heat loss than in any other sectors is in the Amundsen-Bellingshausen Sea. This will be 
specified more explicitly in the revised version (Lines 435-438): 

Nevertheless, the oceanic heat loss is much larger and on a wider latitude band in the Amundsen-
Bellingshausen Sea, where the PF is displaced further to the south than in other regions, consistent 
with the interpretation above. 

The region in the Indian sector eastward of the Kerguelen Plateau is also characterized by large heat 
losses of a wide latitudinal range but on a narrower longitude band. We interpret this as  
consequence of the oceanic currents and strong eddy activity there. Consequently, we do not 
mention it in this section devoted to atmospheric processes to avoid confusion but discuss this point 
in the subsection devoted to oceanic transport. 

Line 391-392. The phrase “the heat extracted from the ocean to the north of the PF, towards the 
south” is unclear, it should probably be “the heat extracted from the ocean north of the PF, towards 
the south” 

Thanks, this has been corrected in the revised version.  

Lines 393–395. Does the fact that in sectors where the PF is farther north it is close to 50°S—and thus 
the 60°S meridional winds may not be representative—affect the interpretation of the relationship 
with atmospheric heat transport? 

We have repeated our analyses using the meridional winds at the locations of the PF and of the ice 
edge. The main message is that using the location of the ice edge instead of the value at 60°S does 
not change much our results. For instance, we have computed the correlation of the distance 
between the front and the ice edge with the meridional winds at the location of the ice edge and we 
obtained values of 0.68 for both the definitions of Orsi et al. (1995) and Park et al. (2019) (instead of 
0.61 and 0.55, Table 2). This confirms our choice that using 60°S provides a good estimate of the 
value close to the ice edge, considering the consistency of climatological winds on scales of several 
hundreds of kms. By contrast, using values at lower latitudes gives lower correlations. For the 
correlation of the distance between the front and the ice edge with the meridional winds at either 
50°S or the latitude of the PF, we obtain values that are always lower than 0.2. It suggests that the 
most important element is not the atmospheric heat transport at the PF itself but the conditions 
more southward that favor the transport of this heat to the region of the ice edge. For instance, we 
can imagine a case where the winds are southward at the PF but shift quickly to a northward 
direction between the PF and the ice edge. In that case, the southward atmospheric heat transport 
could be large at the PF but much lower close to the ice edge and thus have a smaller impact on it. 
We will add this additional information at two locations in the revised manuscript.  

When we first use the latitude of 60°S, we have modified the text to (Lines 344-346):  

We have chosen 60°S here as it is close to the mean position of the winter ice edge (Fig. 3) but results 
are not sensitive to a change of this latitude by a few degrees, or to using instead the winds at the 
latitude of the winter sea ice edge. 

Second, when we have discussed the potential role of the atmospheric transport, we have added 
(Lines 450-452): 

It should also be mentioned that the correlations decrease if we use a latitude of 50°S or that of the 
PF instead of 60°S. This suggests that the latitude of the ice edge is influenced more by the heat that 
reaches the highest latitudes than by the transport at the latitude of the PF itself. 



Line 428. Similar to lines 393–395, it might be worth considering a latitude that varies with the PF’s 
position, to better assess the impact of winds. 

In the regression model, we selected variables that are as much independent of each other as 
possible. If we use the winds at the latitude of the PF, we will include information on both the winds 
and the position of the PF and disentangling the contributions of the winds from the one of the 
position of the PF would thus be more difficult. Furthermore, if we use the winds at the latitude of 
the PF, the correlations are much lower than for 60°S, and the RMS of the corresponding regression 
model higher.  

Line 501-505. This sentence is too long, please split it to make it more clear. 

We have removed in the revised version the parts of the sentence starting with ‘which’ that make 
the sentence longer without adding much information. 

Line 511. it is also possible that the position 

Thanks, this has been corrected in the revised version.  

Line 513-516. This sentence is not clear, please consider rephrasing for clarity 

To make this sentence clearer. We propose to split it in two sentences  and to reformulate the 
second part (Lines 588-591):  

Those questions are important to understand the variations of the sea ice cover, but more generally 
the global climate. For instance, carbon dynamics in the Southern Ocean, which are considered as a 
main driver of glacial-interglacial transitions, are also strongly influenced by the position of the fronts 
and the winter sea ice extent (e.g., Martinson, 2012; Skinner et al., 2010; Sigman et al., 2021; Ai et 
al., 2024). 

 

 


