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Reviewer comments:

Anonymous Referee #2:
Summary:

By investigating the interannual variability of high-salinity shelf water (HSSW) production from sea ice
freezing in the Ross Sea, the authors identified a particular season, winter 2007, with an unusually high
frequency of cyclones near the Ross Ice Shelf, which in turn contributed to an increase in sea ice
production. However, the salinity of the Ross Sea was unexpectedly low during this season. Further
examination revealed that the fresh ice shelf meltwater inputs from the Amundsen Sea and Ross Seas
balanced the salinity induced by sea ice formation.

Recommendation:

This well-organized, logical, and well-documented manuscript is a comfortable read. The individual case
analysis of the winter of 2007 can serve as a classic story of complex Antarctic atmosphere-sea ice-ocean
interactions. I have only one major concern about the discussion, which would be worth considering
before publishing the manuscript.

We thank the reviewer for the considerable efforts in reviewing this manuscript. The useful and helpful
comments helped to clarify and significantly improve the manuscript. Please see our response to each
comment as follows.

General comments:

The discussion section is too general. I favor the authors discussing the generalizability and implications
of the results of this paper on a larger spatial/time scale. However, they seem to be ignoring the dramatic
changes in the Antarctic in recent years, i.e., the Antarctic sea ice extent is shifting to a new state of
frequent minima (Wang et al., 2022; Liu et al., 2023; Purich and Doddridge, 2023). This paper is relevant
because the Antarctic sea ice extent in the winter of 2023 was 2 standard deviations below the
climatological state, increasing ocean heat loss and storms (Josey et al., 2024). Two opposing effects
could affect Ross Sea HSSW formation: ocean heat loss leading to subsidence of highly saline cold water
promotes HSSW formation, and more storms would facilitate this process; however, ocean warming
could also lead to increased ice-shelf meltwater or even ice-shelf disintegration, which would feed large
amounts of freshwater into the ocean.



I suppose that linking the author's work to current changes underway in the Antarctic atmosphere-sea ice-
ocean system would be interesting and broaden the impact of this manuscript.

We sincerely thank the reviewer’s insightful comments and suggestions. We acknowledge the significant
changes in Antarctic sea ice in recent years and their potential implications for the broader atmosphere-
sea ice-ocean system. As the reviewer pointed out, studies such as Josey et al. (2024) have identified
substantial sea ice reduction and enhanced ocean heat loss, particularly in open-ocean regions north of
approximately 70°S. However, our study primarily focuses on the coastal polynyas and continental shelf
region in the Ross Sea, where the small-scale processes play a crucial role in water mass formation. Given
the potential for large-scale atmospheric and oceanic changes to influence regional processes, we have
expanded our discussion to consider these broader-scale impacts. To address this, we have added the
following statement in Lines 463—-482 of the revised manuscript: “Beyond the influence of large-scale

climate modes on Ross Sea HSSW/AABW formation and hydrographic characteristics, the long-term
trends in Antarctic sea ice extent may also play a critical role in shaping regional water mass
transformation. Recent studies highlight that Antarctic sea ice has undergone an unprecedented decline
since 2016, reaching record-low winter extents in 2023 (J. Wang et al., 2022; Liu et al., 2023; Purich and
Doddridge, 2023; Josey et al., 2024). These dramatic changes in sea ice can substantially alter surface
heat loss and thus the ocean and atmosphere. For instance, Josey et al. (2024) found that regions
experiencing the most severe sea ice retreat provide an important new source of turbulent ocean heat loss
to the atmosphere during winter. This increased atmospheric heat loss enhances surface-heat-loss-driven
dense Antarctic Surface Water (ASW) formation north of 70°S. This, in turn, may modify its properties

upon mixing with CDW, and consequently influence AABW formation. Furthermore, the increased ocean
heat loss is expected to alter the frequency and intensity of storms in this region, which could further
impact local sea ice production and water mass transformation by modifying wind fields. Overall, the
heat loss associated with sea ice decline influences Ross Sea water mass formation and hydrographic
characteristics through its effects on dense ASW in slope regions and changes in regional cyclonic activity.
Furthermore, the severity of sea ice decline contributes to continued ocean warming (Naughten et al.,
2023; Prend et al., 2024), which in turn leads to enhanced ice-shelf melt, increasing freshwater input into
the ocean. This additional freshwater flux may further influence AABW formation and regional
hydrographic properties. In summary, large-scale sea ice trends can regulate small-scale hydrological
characteristics and the subsequent formation of AABW by modifying oceanic conditions and surface heat
loss”.

Reference:

Naughten, K. A., Holland, P. R., and De Rydst, J.: Unavoidable future increase in west antarctic ice-shelf
melting over the twenty-first century, Nat. Clim. Chang., 13, 1222-1228, https://doi.org/10.1038/s41558-
023-01818-x, 2023.

Prend, C. J., MacGilchrist, G. A., Manucharyan, G. E., Pang, R. Q., Moorman, R., Thompson, A. F.,
Griffies, S. M., Mazloff, M. R., Talley, L. D., and Gille, S. T.: Ross gyre variability modulates oceanic
heat supply toward the west antarctic continental shelf, Commun Earth Environ, 5, 47,
https://doi.org/10.1038/s43247-024-01207-y, 2024.

Other issues:

Line 34: "salinity" should be preceded by the article "the"; "unexpected" should be "unexpectedly".

This sentence has been revised to “However, the salinity and density of the Ross Sea during this period
exhibited unexpectedly low values”.



Line 77: I would be very careful about making that statement. In another study by the authors (Wang et
al., 2021), the effect of 2 strong wind events in 1998 on HSSW production was analyzed, although the
region was Prydz Bay. Please consider rephrasing this sentence.

We sincerely thank the reviewer for this suggestion and agree that the original statement requires
clarification. In Wang et al. (2021), we examined two typical strong wind events in 1998 based on wind
speed thresholds and analyzed their impacts on HSSW production in Prydz Bay. However, that study
focused primarily on responses of sea ice and hydrological variables to the wind speed, rather than
quantifying absolute HSSW volumes. The current work selects 2007 as a case study because it represents
the winter with the highest recorded HSSW production in the Ross Sea, making it uniquely suited for
analyzing extreme HSSW formation events. This distinction in selection criteria highlights the differences
between these two studies. We acknowledge that the original phrasing was overly absolute. Following
the reviewer’s suggestion, the sentence has been revised to “"Up until now, extreme HSSW production
events, which can make significant contributions to the HSSW volume and subsequently the AABW
production, have not been fully explored”.

Line 109: "higher" than what?

The phrase “higher resolution” refers to the vertical resolution in the near-surface and bottom layers being
finer (i.e., with thinner grid spacing) compared to the intermediate layers of the model domain. This
vertical grid stretching strategy intentionally enhances resolution near the surface and seabed/bottom
boundaries to better resolve critical physical processes. The intermediate layers, by contrast, employ
coarser vertical resolution to optimize computational efficiency while maintaining adequate accuracy.
Therefore to clarify this statement, it has been revised to “The model employs 32 terrain-following
vertical levels, with significantly higher resolution in the near-surface and bottom layers than those in the
intermediate layers”.

Line 143: "observed" should be preceded by the article "the"
“observed dataset” has been changed to “the observed dataset”.

Line 149: This URL only provides ice production data from 2003 to 2010, which do not match the line
in Fig. 2 up to 2013. I recommend the authors use the newly published dataset (Nihashi et al., 2024),
which has extended the record to 2021. Otherwise, I do not think "record-high" is the proper word to
describe the 2007 sea ice production regarding the too-short time series.

We appreciate the reviewer’s attention to the URL clarification. The original link was intended to
reference the dataset version in Zhang et al. (2024b). However, this study employs an extended ice
production dataset (spanning 2003-2013, as shown in Fig. 2). To maintain consistency and transparency,
we have revised the URL to the comprehensive repository hosting the full dataset:
https://www2.lowtem.hokudai.ac.jp/wwwod/polar-seaflux/. Regarding the newly published sea ice
production (SIP) dataset (Nihashi et al., 2024), we endeavored to access this dataset when conducting our
interannual analysis for SIP; however, it remains inaccessible through public repositories or direct
inquiries. In light of the aforementioned constraints, the longest publicly available observational SIP
dataset (2003-2013) was utilized for the purposes of validation, with the findings subsequently cross-

referenced with those of independent studies. It is noteworthy that Cheng et al. (2019) also identified
2007 as the peak ice production year within a broader timeframe (2003-2017; see their Fig. 2), which
aligns with our results. Based on this, we consider the use of "record-high" to be appropriate within the
2003-2019 timeframe, as it aligns with the observational trends and prior literature indicating 2007 as the
peak ice production year. We will continue monitoring the release status of Nihashi et al. (2024) and
integrate its data in future analyses once publicly accessible.



https://www2.lowtem.hokudai.ac.jp/wwwod/polar-seaflux/

Reference:

Cheng, Z., Pang, X., Zhao, X., and Stein, A.: Heat Flux Sources Analysis to the Ross Ice Shelf Polynya
Ice Production Time Series and the Impact of Wind Forcing, Remote Sensing, 11, 188,
https://doi.org/10.3390/rs11020188, 2019.

Line 171: There have been some attempts to improve the classic algorithm in recent years (e.g., Zhong et
al., 2023). Would that have any effect on the results? Maybe a sentence of explanation here.

Zhong et al. (2023) evaluates the impact of data resolution on Southern Ocean cyclone tracks from 1980
to 2020 by preprocessing the ERAS dataset at different spatial and temporal resolutions. Their study
highlights that most cyclone features, such as the spatial distribution of cyclogenesis and activity regions,
annual trends, and seasonal variations in intensity and lifetime, are consistent across different schemes.

Based on these findings, we conclude that changes in data resolution are unlikely to significantly affect
the statistical characteristics of our results (i.e. the spatial patterns shown in Fig. 3). The primary impact
of higher spatial resolution is the detection of more mesoscale or small-scale cyclones, which increases
the total number of tracks. To address this, we have added the following statement in Lines 194-198 of

the revised manuscript: “Recent studies suggest that while higher spatial resolutions of input atmospheric
data may capture more small-scale cyclones and increase total track numbers, the spatial distribution of
cyclogenesis and activity regions remains consistent across resolutions (Zhong et al., 2023). Therefore,
the statistical results of cyclones in this study are robust to changes in data resolution.”.

Line 217: The red numbers in the lower right corner partially overlap the map and are not clear.

As recommended by the reviewer, we have modified Figure 3 in the revised manuscript to ensure the red
numbers are more distinct and easily readable.

Line 287: Is this conclusion straightforward to draw?

The hydrological properties in the Ross Sea are primarily influenced by three water masses: HSSW, CDW,
and ISW. HSSW is characterized by high salinity due to brine rejection during sea ice formation processes,
while CDW exhibits elevated salinity and temperature as a modified oceanic inflow (Yabuki et al., 2006;
Liu et al., 2017). In contrast, ISW is defined by the potential temperature lower than its surface freezing
point and notably low salinity resulting from basal ice shelf melt (Nelson et al., 2017). Given the
anomalously low salinity observed in 2007, HSSW and CDW can be excluded as primary contributors,
leaving ISW as the most plausible driver of this anomaly.

Reference:

Nelson, M. J. S., Queste, B. Y., Smith, I. J., Leonard, G. H., Webber, B. G. M., and Hughes, K. G.:
Measurements of ice shelf water beneath the front of the ross ice shelf using gliders, Ann. Glaciol., 58,
41-50, https://doi.org/10.1017/a0g.2017.34, 2017.

Line 345: I do not see "both", but just the slope current was high in 2007.

The Antarctic coastal current is the southernmost current, often follows the edge of ice shelves (Thompson
et al., 2018). Whitworth et al. (1998) suggested the characteristics of the coastal current change from a
broad flow far from the coast to a narrow flow close to the coast. In the narrow continental shelf area, it
is difficult to distinguish the locations of the Antarctic coastal current and Antarctic slope current
(Heywood et al., 1998; Heywood et al., 2004). So the use of “both” in the manuscript was intended to
reflect the overlapping dynamics of these two current in the narrow shelf region between the Amundsen



and Ross Seas. To clarify this point, this sentence has been revised to “The results show that both the
Antarctic slope current and the coastal current reached their strongest intensities in 2007 (Fig. 9¢), notably
in the narrow continental shelf area between the Amundsen and Ross Seas where their locations are
challenging to distinguish (Heywood et al., 1998, 2004).”.

Reference:
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near the Antarctic slope front, Ocean, Ice, and Atmospheric Interactions at the Antarctic Continental
Margin, 75, 1-27, 1998.

Heywood, K. J., Locarnini, R. A., Frew, R. D., Dennis, P. F., and King, B. A.: Transport and water masses
of the Antarctic slope front system in the eastern Weddell Sea, Ocean, Ice, and Atmospheric Interactions
at the Antarctic Continental Margin, 75, 203-214, 1998.

Heywood, K. J., Naveira Garabato, A. C., Stevens, D. P., and Muench, R. D.: On the fate of the Antarctic
slope front and the origin of the Weddell front, Journal of Geophysical Research: Oceans, 109(C6),
https://doi.org/10.1029/2003JC002053, 2004.

Line 363: Why not cite the results of the updated CMIP6?

Thanks for your mention. In fact, there is currently very little research on the future trends of the SAM
based on CMIP6. In the preliminary stages, we have reviewed a lot of literature and materials, and most
of them focus on evaluating the seasonal or interannual variability trends of SAM using historical data
(Coburn and Pryor, 2021; Zhang et al., 2022), with a lack of studies on its future trend development.

Reference:
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and spatial aspects of the southern annular mode in CMIP6 models, Int. J. Climatol., 42, 3820-3837,
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