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Response to Reviewer 1 
Reviewer comments are in black font, and our responses are in blue font. 
 
 

General comments: 
 
This study investigates the tipping point of the Filchner-Ronne Ice Shelf (FRIS), based on a series of 
numerical experiments of a sea-ice and ocean model (including ice shelves) forced by present-day 
atmospheric boundary conditions. The sea ice-ocean model is a component of the Energy Exascale 
Earth System Model (E3SM) for wider climate sciences. In this study, the authors first show that by 
adjusting the iceberg meltwater distribution and the mesoscale eddy parameterization (GM 
coefficient), the unrealistic tipping event of the FRIS ice-shelf basal melt occurred in the standard 
configuration (CGM-UIB case) can be avoided in the CGM-DIB and VGM-DIB cases. Using the 
adjusted experimental setups, the authors further examine the increase in the FRIS melting in 
response to changes in upstream ice-shelf melting and show that a significant rise in EWIS ice-shelf 
melting can cause the FRIS to experience a tipping point. A rapid increase in ice-shelf basal melt 
substantially impacts inner ice-sheet changes, potentially contributing to the Antarctic ice-sheet 
mass loss and the subsequent global sea-level rise. In addition, while the substantial increase in ice-
shelf basal melting due to the enhanced contribution of the warm Circumpolar Deep Water onto the 
southwestern Weddell continental shelf region has been reported in several modeling studies, it is 
still an interesting topic to be addressed in a coarse-resolution ocean model, which is a part of the 
climate model. For these reasons, I consider that the topic of this study falls within the scope of The 
Cryosphere. Although the manuscript in the present format may be clear for those familiar with 
E3SM and its ocean model biases, I found it very difficult for general readers (including me) to follow 
the logic smoothly. I suggest revising the manuscript to make it more understandable for a broader 
audience. 

We appreciate the reviewer’s feedback and suggestions for making the manuscript more accessible 
to a wider audience. 

Major comments: 
 
1. While the study highlighted the use of E3SM in many places (e.g., the abstract (L4-6), the last two 
paragraphs of the introduction (L51-64), and the methods section), actually, this study used only its 
ocean, sea-ice, and ice-shelf components of it with specifying atmospheric boundary conditions 
(CORE-II forcing for global sea ice-ocean models). The description throughout the manuscript 
should be careful not to give the impression that the experiments were conducted with the full ESM. 
This study is based on a global sea ice-ocean model, and I think it is sufficient to briefly describe 
these components are part of the E3SM in the methods section. 



This is a fair suggestion, and we will improve the clarity by primarily referring to our model 
configuration as a “global ocean-sea ice model”, while still providing the context of serving as the 
ocean and sea ice components of E3SM. 

2. Throughout the manuscript, only a very limited area of the southern Weddell Sea (FRIS) is shown, 
and there is no information such as place names used in the manuscript. I think a map is required 
showing the broad area, including the Eastern Wedell Sea and major place names. In addition, it 
would be better to use the model representations of the coastline/ice-front line and grounding line 
(instead of the realistic coastal/grounding lines) to show the model’s horizontal resolution clearly. 

This is a good suggestion.  We will add a figure with a location map. 

3. In the experiments where the melt rate of the Eastern Weddell Sea is increased to 4-16m/yr 
(Section 2.3), I believe it is important to also express these rates in terms of volume (Gt/yr) per unit 
area. Considering observational data (Lauber et al. 2023), a melt rate increase to 4-16m/yr seems 
excessively high. If there are any justifications for this rate based on other modeling results or 
evidence, it should be included in the manuscript.  
 
Lauber, J., Hattermann, T., de Steur, L., Darelius, E., Auger, M., Nøst, O. A., & Moholdt, G. (2023). 
Warming beneath an East Antarctic ice shelf due to increased subpolar westerlies and reduced sea 
ice. Nature Geoscience, 16(10), 877–885. https://doi.org/10.1038/s41561-023-01273-5 

As described in the text, the high end for prescribed melt rates in the Eastern Weddell Sea is not 
meant to represent historical conditions or projections but a limiting value informed by the present-
day highest mean ice-shelf melt rates in Antarctica (Pine Island Glacier).  Our highest prescribed 
melt rates are also comparable to the modeled melt rates for these ice shelves from the high-end 
emissions scenario considered by Mathiot & Jourdain (2023) - an approximate 40-fold increase from 
the melt rates in the historical period.  We will add this reference and comparison to our manuscript.   
Furthermore, the highest prescribed melt rates we selected are not particularly important, because 
we see the melt regime shift occur for melt rates 4-8x lower (mean melt rates of 2-4 m/yr). 

4. I understand that freshwater supply and distribution can determine the FRIS tipping, but can you 
estimate the tipping conditions in ***this model*** by analyzing the freshwater balance on the 
continental shelf in front of the FRIS? For example, how much Gt or more of freshwater on the 
southwestern Weddell continental shelf would be required to cause the tipping point? 

We appreciate the suggestion to characterize the conditions for FRIS tipping in our model in terms of 
the freshwater balance on the FRIS shelf. However, the focus of our manuscript is not to fully 
characterize these conditions, but rather to demonstrate that these conditions are contingent on 
modeling choices, such as the GM parameterization (e.g., Figure 11). We do show that our model’s 
conditions are consistent with those identified by Daae et al. (2020), who performed a more 
comprehensive suite of simulations to characterize the conditions in their model configuration.  

While it would be interesting to analyze the freshwater balance on the FRIS shelf, we do not have 
freshwater tracers in our simulation output to accurately characterize the contribution that upstream 
ice shelf melting or iceberg flux distribution makes to the FRIS continental shelf salinity. While we 
could compute the relative freshwater content using a reference salinity, this quantity reflects not 
only ice-shelf freshwater advection but also indirect effects mediated by sea ice and frontal 
dynamics. We do not believe any tipping conditions identified in this manner will be scientifically 
useful or practically useful in terms of identifying tipping conditions in other models or model 
configurations. 

https://doi.org/10.1038/s41561-023-01273-5


5. There are two very relevant new papers. The first one is missing, and the second one requires an 
update of the citation. 
 
Mathiot, P., & Jourdain, N. C. (2023). Southern Ocean warming and Antarctic ice shelf melting in 
conditions plausible by late 23rd century in a high-end scenario. Ocean Science, 19(6), 1595–1615. 
https://doi.org/10.5194/os-19-1595-2023 
 
Haid, V., Timmermann, R., Gürses, Ö., & Hellmer, H. H. (2023). On the drivers of regime shifts in the 
Antarctic marginal seas, exemplified by the Weddell Sea. Ocean Science, 19(6), 1529–1544. 
https://doi.org/10.5194/os-19-1529-2023 

Thank you for pointing these out.  We will incorporate the first one, which is clearly relevant, and 
update the reference for the second one now that it is published. 

 

Specific comments: 
 
6. L35-44: There are some useful literature (Thompson et al. 2018 for introducing Antarctic Slope 
Front/Current, Thoma et al. 2010 for remote linkage between Eastern Weddell Sea and Weddell 
Sea, and Kusahara and Hasumi 2013 for pathway of the EWIS meltwater). Please consider 
including the references. 
 
Thompson, A. F., Stewart, A. L., Spence, P., & Heywood, K. J. (2018). The Antarctic Slope Current 
in a Changing Climate. Reviews of Geophysics, 56(4), 741–770. 
https://doi.org/10.1029/2018RG000624 
 
Thoma, M., Grosfeld, K., Makinson, K., & Lange, M. A. (2010). Modelling the impact of ocean 
warming on melting and water masses of ice shelves in the Eastern Weddell Sea. Ocean Dynamics, 
60, 480–489. https://doi.org/10.1007/s10236-010-0262-x 
 
Kusahara, K., & Hasumi, H. (2013). Modeling Antarctic ice shelf responses to future climate changes 
and impacts on the ocean. Journal of Geophysical Research: Oceans, 118(5), 2454–2475. 
https://doi.org/10.1002/jgrc.20166 

We will add these very appropriate references. 

7. L73-74: This sentence is incorrect. Dinniman et al. (2016) summarized ocean models, which 
include ice-shelf cavities, and several ocean models with the same features have been developed 
since the publication.  

The intended meaning here was “introduced into E3SM”, i.e., relative to the previous version of 
E3SM.  We will add that qualifier to the sentence to avoid ambiguity.  
 
Dinniman, M., Asay-Davis, X., Galton-Fenzi, B., Holland, P., Jenkins, A., & Timmermann, R. (2016). 
Modeling Ice Shelf/Ocean Interaction in Antarctica: A Review. Oceanography, 29(4), 144–153. 
https://doi.org/10.5670/oceanog.2016.106 

8. L104 Where did you restore the surface salinity, and with what intensity? 

https://doi.org/10.5194/os-19-1529-2023
https://doi.org/10.1002/jgrc.20166


Sea surface salinity restoring is applied everywhere in the global ocean, except for beneath sea ice 
and inside ice-shelf cavities.  A piston velocity of 50 m/yr is used.  These details will be added to the 
manuscript. 

9. L109-110: I think that a map of the variable GM calculated in the model is helpful to see the 
difference from the constant-value case. 

It would be difficult to present the three-dimensional field of GM scaling in a meaningful way, but 
even if that were possible, it is not clear the 3d GM coefficients themselves would be more 
informative than the transects of the ASF in Fig. 9 that demonstrate the cumulative effect of the 
3dGM implementation.  We will rewrite this sentence to make it clear that the 3d version of GM being 
discussed was also used in Comeau, et al. (2022) and is not a new feature being described for the 
first time. 

10. L115-136: Maps of iceberg melt flux are also helpful to understand the differences among the 
experiments. 

These maps are available in Comeau, et al. (2022), as well as in detail in the original source 
(Merino, et al., 2016), so we prefer to not add another figure with this information here. 

11. Figure 1: Adding Gt/yr to the right axis also makes it easier to compare with other studies and 
between ice shelves. 

This is a good suggestion, and we will add the additional axis. 

12. Figure 2: Information of longitude and latitude is sparse, and it is very difficult to see the latitude 
information. 

We plan to add a new figure with an overview map that will have more detailed location information.  
We will also adjust the placement of the latitude labels on this figure. 

13. Figure 4: Is the small map for the T-S plot? If so, please enlarge the map and add depth 
contours. 

That is a good suggestion to enlarge the map.  Depth contours are not necessary on this location 
map as we define the region based on a single depth contour, but we will be sure to include useful 
depth contours on the new location map figure we plan to include. 

14. Figure 7: Without vertical profiles of water properties, it is very difficult to understand the figure. 

We have given careful consideration to the question of what representations of water properties are 
needed to understand this figure and the dynamics in our model. We believe that the reader can get 
an adequate sense of the changes in stratification in our model from the combination of Figure 9 
(transects of temperature with density contours) and Figure 7. We will strengthen the connections 
between these two figures in the text. The purpose of Figure 7 is to demonstrate the aggregate 
(spatially-averaged and temporally filtered) differences in water mass properties between our model 
configurations. Since the thermocline depth can vary in space and time, we first identify the 
thermocline depth and then spatially average properties above and below that depth. Providing a 
spatially-averaged vertical profile would obscure the thermocline, and we do not believe a particular 
space and time choice would be best suited for this figure. We chose to produce the transects in 



Figure 9 at the location and decade that we believe is most representative of the conditions that lead 
to or avert the tipping point. 

15. Figure 8: A map of the barotropic stream function is required, with pointing to the observation site 
M31W and transect C.  

We will add site locations (M31W, transect C) on a site map.  We have maps of the barotropic 
stream function in Figure 3. 

16. Figure 9: Could you add panels of vertical profiles of alongshore current to see the Antarctic 
Slope Current? Why did you use the potential density anomaly referenced to 1000 m? The other 
figures used the potential density referenced to the surface (Figs. 4, 7, and 12). Please remove 
TODO (I think this kind of error should be removed before submission, circulating the manuscript 
among the authors.). 

Yes, we will add panels of vertical profiles of alongshore current to Fig. 9.  We referenced the 
potential density anomalies to 1000 m to make this figure directly comparable to Daae et al. (2020) 
Fig. 3, which used that reference.  But we can see the value to having all figures in this manuscript 
referenced to the same depth and would be willing to adjust this figure accordingly.  We apologize 
for the wayward TODO note - it was missed by all authors in our final circulation. 

17. Figure 10: It is very difficult to see the observed range. Please consider revising the color. 

We will add dashed lines to the observed range in order to provide clarity. 

18. Figure 12: Please add the experiment names in the figure. 

Good suggestion.  We will add labels with the experiment names. 

Technical corrections: 

19. Title: It is not clear to me what the word “ice-shelf freshwater” stands for in the title. “Antarctic 
coastal freshening” may be a candidate to replace the word. 

The term “ice-shelf freshwater” encompasses the impacts of both iceberg melt distribution and the 
ice-shelf basal melting from the eastern Weddell Sea ice shelves that we investigate.  We 
appreciate that this may not be clear, but this was the best concise term we came up with.  We 
prefer it to the suggestion of “coastal freshening”, as we believe that is potentially more 
ambiguous, as it could also encompass sea ice or precipitation driven freshening.  However, we 
will define what we mean by “ice-shelf freshwater” upon its first usage in the abstract on line 5. 
 


