
Reply on RC1 by Anonymous Referee #1 

Comments from the Referee to which we reply directly are copied here in italic. Our response 
follows, and modifications to the manuscript are highlighted in bullet points. 

Major comments 
 
In the introduction, it could be made more clear that it is the temperature at the elevation of 
precipitation formation (the condensation temperature) that is imprinted in the snow, and not near-
surface or surface temperature. This temperature is then often regressed onto average surface 
temperature (from 10 m snow temperatures) to make the coupling of the isotopic signal to the surface. 

We detailed that condensation temperature is the most important in the intro (sect 1): 

Due to Rayleigh distillation during transport of moisture to cold regions, water isotopes reflect the 
condensation temperature of precipitations (Dansgaard, 1964). However, the relationship between 
average temperature at a location and isotopes in the snow is altered by deposition dynamics of 
snowfall-born water isotopes (Werner et al., 2000; Persson et al., 2011; Casado et al., 2020), post-
deposition processes such as ablation-redeposition and sublimation-condensation cycles (Steen-
Larsen et al., 2014; Touzeau et al., 2016; Stenni et al., 2016; Münch et al., 2017; Hughes et al., 
2021), and the difference between condensation and surface temperature (Buizert et al., 2021; Liu 
et al., 2023).   

And justified the use of surface temperature in method (sect 2.2): 

Although the temperature recorded in water isotopes is imprinted at the condensation level (Jouzel 
and Merlivat, 1984), we chose to use 2-m air temperature for simplicity, because condensation 
levels change both spatially and temporally. Studies using water isotopes usually bypass the 
condensation to surface temperature changes by directly calibrating the isotope-temperature slope 
with 2-m temperature in most cases (e.g., Jouzel et al., 2007; Stenni et al., 2017), or applying a ratio 
of temperature changes that would be amplified at the surface (e.g., Jouzel et al., 2003). If we used 
the condensation-level temperature, the difference with climate normal would depend on the level 
of precipitation formation, and may be vertically spread on the atmospheric column, making the 
comparison more complex. With condensation temperature, we would expect weaker seasonal 
cycles because winter surface cooling is amplified by a strong inversion, but long-term temperature 
variability may not change much as implied by deglaciation simulations (Liu et al., 2023). Choosing 
the surface temperature also enables comparison with available observations, and this is the level 
also considered in many paleotemperature reconstructions. 

l. 69: "extensively evaluated for its representation of Antarctic surface mass balance and temperature". 
This is true, but e.g. Mottram and others (2022) show that MAR3.10 appears to be significantly above-
average wet in the East Antarctic region west of the Ross ice shelf, also one of the delta_T hotspots in 
Fig. 2. Moreover, the model is not evaluated for the key variables used in this paper, i.e., the timing of 
precipitation. Any comments? 

I suppose you refer to Mottram et al. (2021). Compared to observations, MAR overestimates the Surface 
Mass Balance (SMB) on the Ross ice shelf, whereas the hotspot of ∆T is on grounded ice West of Ross ice 
shelf, were there are no SMB observations due to SMB being so small altogether in this region. The few 



exceptional snowfall events that reach this region can therefore differ substantially from the average 
cold conditions. Due to the lack of observations to confirm the SMB or precipitations we prefer not to 
write this speculative guess in the manuscript. For the Ross ice shelf, seasonal misdistribution may affect 
the seasonal effect on ∆T, which is currently relatively neutral. This potential bias should be a subject of 
exploration in future SMB evaluations, for all regions. 

Regarding the timing of precipitations, little observations are available. Now that more instruments 
capable of evaluating snowfall have been deployed on the field, future model evaluations may also be 
compared to the produced observations. Of the few published works, we have been able to compare 
the timing of precipitation to a micro-rain radar derived snowfall dataset (Grazioli et al., 2017) for only 
one location and one year, and will include it in the Appendix as an evaluation of precipitation timing 
(also attached to this reply). 

Figure 3: Consider including standard deviation in the temperature curves and precipitation bars, to 
indicate the temporal variability on which these averages are based. This also supports the statement 
about temperature variability in winter in l. 154. 

We revised the figures and respective captions to include standard deviation shading and error-bars. 
Please see the revised figures attached. 

Minor and textual comments 
 
Please use 'higher' and 'lower' temperatures rather than 'warmer' and 'colder/cooler' temperatures 
throughout; I realize it is a rearguard battle but hey, that is the privilege of the reviewer! 

We changed the text where warm/cool and temperature were used in the same sentence. 

l. 38: "ablation-redeposition and sublimation-condensation" These combinations are not necessarily 
mutually exclusive. Did you mean "erosion/sublimation and deposition cycles"? 

This formulation intended to emphasize the difference between macro- and micro-physics, with mixing 
of snow by the wind (ablation-redeposition) at macro-scale and molecular diffusion (sublimation-
condensation) cycles. Both are post-deposition processes that are acknowledged in the introduction, 
but are not treated in this manuscript, which focuses only on the initial deposition (first half of the 
sentence: “between average temperature at a location and isotopes in the snow is altered by deposition 
dynamics of snowfall-borne water isotopes”). 

l. 151: This formulation could be condensed to: " emerges from the stronger near-surface horizontal and 
vertical temperature gradients..." 

The variation is not only spatial, but temporal in that case, so the suggested reformulation is not suited. 
Nonetheless, we rewrote this sentence to make it easier to read: 

The larger difference in winter results from the attenuation of near-surface temperature inversion 
during the passage of precipitating atmospheric systems. 



l. 202: "snowfall-weighted δ18O " Do you mean oxygen isotopes in atmospheric water vapor? Please 
clarify. 

Added “of precipitations” 

l. 223: "Snowfall-weighted climate normal temperature " This is unclear, please reformulate or clarify. 

replaced with “seasonal cycle of temperature during snowfall” 

references 

Buizert, C., Fudge, T. J., Roberts, W. H. G., Steig, E. J., Sherriff-Tadano, S., Ritz, C., Lefebvre, E., Edwards, J., 
Kawamura, K., Oyabu, I., Motoyama, H., Kahle, E. C., Jones, T. R., Abe-Ouchi, A., Obase, T., Mar�n, C., Corr, 
H., Severinghaus, J. P., Beaudete, R., Epifanio, J. A., Brook, E. J., Mar�n, K., Chappellaz, J., Aoki, S., 
Nakazawa, T., Sowers, T. A., Alley, R. B., Ahn, J., Sigl, M., Severi, M., Dunbar, N. W., Svensson, A., Fegyveresi, 
J. M., He, C., Liu, Z., Zhu, J., Oto-Bliesner, B. L., Lipenkov, V. Y., Kageyama, M., and Schwander, J.: Antarc�c 
surface temperature and eleva�on during the Last Glacial Maximum, Science, 372, 1097–1101, 
htps://doi.org/10.1126/science.abd2897, 2021. 

Casado, M., Münch, T., and Laepple, T.: Clima�c informa�on archived in ice cores: impact of intermitency and 
diffusion on the recorded isotopic signal in Antarc�ca, Clim. Past, 16, 1581–1598, 
htps://doi.org/10.5194/cp-16-1581-2020, 2020. 

Dansgaard, W.: Stable isotopes in precipita�on, Tellus, 16, 436–468, htps://doi.org/10.1111/j.2153-
3490.1964.tb00181.x, 1964. 

Grazioli, J., Genthon, C., Boudevillain, B., Duran-Alarcon, C., Del Guasta, M., Madeleine, J.-B., and Berne, A.: 
Measurements of precipita�on in Dumont d’Urville, Adélie Land, East Antarc�ca, The Cryosphere, 11, 
1797–1811, htps://doi.org/10.5194/tc-11-1797-2017, 2017. 

Hughes, A. G., Wahl, S., Jones, T. R., Zuhr, A., Hörhold, M., White, J. W. C., and Steen-Larsen, H. C.: The role of 
sublima�on as a driver of climate signals in the water isotope content of surface snow: laboratory and 
field experimental results, The Cryosphere, 15, 4949–4974, htps://doi.org/10.5194/tc-15-4949-2021, 
2021. 

Jouzel, J. and Merlivat, L.: Deuterium and oxygen 18 in precipita�on: Modeling of the isotopic effects during snow 
forma�on, J. Geophys. Res., 89, 11749, htps://doi.org/10.1029/JD089iD07p11749, 1984. 

Jouzel, J., Vimeux, F., Caillon, N., Delaygue, G., Hoffmann, G., Masson-Delmote, V., and Parrenin, F.: Magnitude of 
isotope/temperature scaling for interpreta�on of central Antarc�c ice cores, Journal of Geophysical 
Research: Atmospheres, 108, 4361–4372, htps://doi.org/10.1029/2002JD002677, 2003. 

Jouzel, J., Masson-Delmote, V., Catani, O., Dreyfus, G., Falourd, S., Hoffmann, G., Minster, B., Nouet, J., Barnola, J. 
M., Chappellaz, J., Fischer, H., Gallet, J. C., Johnsen, S. J., Leuenberger, M., Loulergue, L., Luethi, D., Oerter, 
H., Parrenin, F., Raisbeck, G., Raynaud, D., Schilt, A., Schwander, J., Selmo, E., Souchez, R., Spahni, R., 
Stauffer, B., Steffensen, J. P., Stenni, B., Stocker, T. F., Tison, J. L., Werner, M., and Wolff, E. W.: Orbital and 
Millennial Antarc�c Climate Variability over the Past 800,000 Years, Science, 317, 793–796, 
htps://doi.org/10.1126/science.1141038, 2007. 

Liu, Z., He, C., Yan, M., Buizert, C., Oto-Bliesner, B. L., Lu, F., and Zeng, C.: Reconstruc�on of Past Antarc�c 
Temperature Using Present Seasonal δ18O–Inversion Layer Temperature: Unified Slope Equa�ons and 
Applica�ons, Journal of Climate, 36, 2933–2957, htps://doi.org/10.1175/JCLI-D-22-0012.1, 2023. 

Motram, R., Hansen, N., Kitel, C., Van Wessem, J. M., Agosta, C., Amory, C., Boberg, F., Van De Berg, W. J., 
Fetweis, X., Gossart, A., Van Lipzig, N. P. M., Van Meijgaard, E., Orr, A., Phillips, T., Webster, S., Simonsen, 
S. B., and Souverijns, N.: What is the surface mass balance of Antarc�ca? An intercomparison of regional 
climate model es�mates, The Cryosphere, 15, 3751–3784, htps://doi.org/10.5194/tc-15-3751-2021, 
2021. 



Münch, T., Kipfstuhl, S., Freitag, J., Meyer, H., and Laepple, T.: Constraints on post-deposi�onal isotope 
modifica�ons in East Antarc�c firn from analysing temporal changes of isotope profiles, The Cryosphere, 
11, 2175–2188, htps://doi.org/10.5194/tc-11-2175-2017, 2017. 

Persson, A., Langen, P. L., Ditlevsen, P., and Vinther, B. M.: The influence of precipita�on weigh�ng on interannual 
variability of stable water isotopes in Greenland, J. Geophys. Res., 116, D20120, 
htps://doi.org/10.1029/2010JD015517, 2011. 

Steen-Larsen, H. C., Masson-Delmote, V., Hirabayashi, M., Winkler, R., Satow, K., Prié, F., Bayou, N., Brun, E., Cuffey, 
K. M., Dahl-Jensen, D., Dumont, M., Guillevic, M., Kipfstuhl, S., Landais, A., Popp, T., Risi, C., Steffen, K., 
Stenni, B., and Sveinbjörnsdo�r, A. E.: What controls the isotopic composi�on of Greenland surface 
snow?, Climate of the Past, 10, 377–392, htps://doi.org/10.5194/CP-10-377-2014, 2014. 

Stenni, B., Scarchilli, C., Masson-Delmote, V., Schlosser, E., Ciardini, V., Dreossi, G., Grigioni, P., Bonazza, M., 
Cagna�, A., Karlicek, D., Risi, C., Udis�, R., and Valt, M.: Three-year monitoring of stable isotopes of 
precipita�on at Concordia Sta�on, East Antarc�ca, The Cryosphere, 10, 2415–2428, 
htps://doi.org/10.5194/tc-10-2415-2016, 2016. 

Stenni, B., Curran, M. A. J., Abram, N. J., Orsi, A. J., Goursaud, S., Masson-Delmote, V., Neukom, R., Goosse, H., 
Divine, D., van Ommen, T., Steig, E. J., Dixon, D. A., Thomas, E. R., Bertler, N. A. N., Isaksson, E., Ekaykin, A., 
Werner, M., and Frezzo�, M.: Antarc�c climate variability on regional and con�nental scales over the last 
2000 years, Clim. Past, 13, 1609–1634, htps://doi.org/10.5194/cp-13-1609-2017, 2017. 

Touzeau, A., Landais, A., Stenni, B., Uemura, R., Fukui, K., Fujita, S., Guilbaud, S., Ekaykin, A., Casado, M., Barkan, E., 
Luz, B., Magand, O., Teste, G., Meur, E. L., Baroni, M., Savarino, J., Bourgeois, I., and Risi, C.: Acquisi�on of 
isotopic composi�on for surface snow in East Antarc�ca and the links to clima�c parameters, The 
Cryosphere, 10, 837–852, htps://doi.org/doi:10.5194/tc-10-837-2016, 2016. 

Werner, M., Mikolajewicz, U., Heimann, M., and Hoffmann, G.: Borehole versus isotope temperatures on 
Greenland: Seasonality does mater, Geophysical Research Leters, 27, 723–726, 
htps://doi.org/10.1029/1999GL006075, 2000. 

 

 
Figure A4. Evalua�on of MAR to match snowfall �ming observed with micro-rain radar at Dumont D’Urville sta�on 
(66 °S, 140 °E, Grazioli et al. 2017). Micro-rain radar data indicates snow passing through the atmospheric layer 300 
m above the surface, while modelled snowfall is shown for the surface only, where some of the snow may have 
been sublimated. (a) �me-series of modelled and observed snowfall for the year 2016. (b) scater plot of observed 
vs modelled snowfall. The Pie-chart indicates the percentage of days with matching or mis-matching snowfall in 
both model and observa�ons, with discrepancies noted for about 18 % of days in total. 
  



Revised figures including standard devia�ons: 

 
 

 



Reply on RC2 by Anonymous Referee #2 

Comments from the Referee to which we reply directly are copied here in italic. Our response 
follows, and modifications to the manuscript are highlighted in bullet points. 

Major comments (but minor revisions) 

Stable isotopes of water are mentioned in the article from the second sentence and throughout the rest 
of the paragraph, with more detailed descriptions of the processes controlling isotopic signals in 
Antarctic firn and ice cores. I think it’s a little bit too harsh and too specific considering the main topic of 
this paper, even if the findings of this study have important implications for the paleoclimate 
reconstructions using stable water isotopes in Antarctic ice cores. To make it simple, I think the two first 
paragraphs could be swapped (with some adaptation). Moreover, it would make a smoother transition 
with the 3rd paragraph. 

The two paragraphs have been swapped, and we added a short general phrase to start the paragraph: 

Antarctica is the coldest and driest continent on earth, and almost entirely covered by ice. The 
surface temperature remains below freezing year-round over most of the continent, allowing the 
snow to accumulate and form the ice sheet, which is recharged primarily by snowfall. Precipitating 
atmospheric systems in polar regions (…) 

One of the most interesting findings concerns the greater inter-annual variability of snowfall-weighted 
temperature compared with annual temperature. Could you try to establish a link with an index of 
internal climate variability such as the Southern Annular Mode (SAM)? For example, Kino et al (2021) 
have shown the impact of SAM on the water isotope temperature record at Fuji Dome, through changes 
in atmospheric circulation. 

Previous studies highlighted changes in temperature and precipitation specifically related to SAM in 
most of Antarctica (Marshall and Thompson, 2016; Marshall et al., 2017). We also find a weak but 
significant negative correlation between temperature and SAM in most of Antarctica, except for 
peninsula (Supporting Figure 1), as highlighted in the cited studies. A brief evaluation of SAM impact on 
snowfall weighted temperatures (Supporting Figure 2) shows no correlation between SAM and the 
DeltaT at monthly scale. We prefer not to discuss this topic in detail in the current manuscript, but 
include a brief mention in the discussion (Section 3.3): 

Links were found between Antarctic temperature and large-scale atmospheric circulation patterns 
in the Southern Hemisphere such as the southern annular mode (Marshall and Thompson, 2016), 
possibly influencing the δ18O of ice cores (Abram et al., 2014; Kino et al., 2021). Nevertheless, we 
did not find any significant correlation between the SAM and yearly or monthly snowfall-weighted 
temperature difference. Detecting possible links between the SAM, or other climate modes, and the 
precipitation-weighted temperature (or δ18O) would require a more detailed investigation, and may 
be explored in a different study. 

2m air temperature is used for analysis. Could you explain in a few sentences the differences you would 
expect if condensation temperature were used instead? 

We modified the paragraph justifying the use of 2-m temperature: 



Although the temperature recorded in water isotopes is imprinted at the condensation level (Jouzel 
and Merlivat, 1984), we chose to use 2-m air temperature for simplicity, because condensation 
levels change both spatially and temporally. Studies using water isotopes usually bypass the 
condensation to surface temperature changes by directly calibrating the isotope-temperature slope 
with 2-m temperature in most cases (e.g., Jouzel et al., 2007; Stenni et al., 2017), or applying a ratio 
of temperature changes that would be amplified at the surface (e.g., Jouzel et al., 2003). If we used 
the condensation-level temperature, the difference with climate normal would depend on the level 
of precipitation formation, and may be vertically spread on the atmospheric column, making the 
comparison more complex. With condensation temperature, we would expect weaker seasonal 
cycles because winter surface cooling is amplified by a strong inversion, but long-term temperature 
variability may not change much as implied by deglaciation simulations (Liu et al., 2023). Choosing 
the surface temperature also enables comparison with available observations, and this is the level 
also considered in many paleotemperature reconstructions. 

Minor technical comments: 

Line 27: reduced by 20% compared to what? 

Rephrased to:  

Temperature during snowfall has a seasonal amplitude reduced by 20 % relative to the daily 
temperature. 

Line 44: “are known to increase the surface temperature”. I agree with the comment of the first reviewer 
about higher and lower temperatures (and not warmer and cooler temperatures). 

We changed the text where warm/cool and temperature were used in the same sentence. 

Line 82: which fields of MAR are nudged to ERA5 (U and V winds?)? Please give some more details. 
Moreover, the proper reference to ERA5 reanalyses is Hersbach et al. (2020). 

Added in methods (Section 2.1):  

MAR is forced with 6-hourly outputs of the ERA5 TL95 reanalysis (Hersbach et al., 2020) at its 
lateral boundaries (temperature, wind, humidity) and for upper-air relaxation at the top of the 
troposphere (temperature, wind), and with daily outputs at the surface of the ocean (sea surface 
temperature, sea ice concentration). 

Lines 188-191: Other studies before weighted the d18O and temperature by daily variations of 
precipitation (and not by monthly variations only) to study the isotope-temperature temporal 
relationships, like in Werner et al. (2018).  

The suggested article mainly discusses the effect of topography on the isotope – temperature slope, and 
differences in spatial vs temporal slopes. It also suggests that “reconstructions of precipitation-weighted 
mean temperatures” are more suited from isotopes, although here in our manuscript we try to tackle 
this problem by looking at the difference between precipitation-weighted mean temperatures and 
“true” mean temperatures. Therefore, we did not find enough similarities to compare our results with. 
We however added a reference to the article at the relevant place in the introduction: 



δ18O (following the δ notation as in Dansgaard, 1964) is thought to better correlate with snowfall-
weighted temperature than average temperature (Stenni et al., 2016; Fujita and Abe, 2006), as 
shown in isotope-enabled models (Sturm et al., 2010; Werner et al., 2018). 

Other minor changes were applied. 
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Reply on RC3 by Anonymous Referee #3 

Comments from the Referee to which we reply directly are copied here in italic. Our response 
follows, and modifications to the manuscript are highlighted in bullet points. 

Major comment (i) The missing literature on precipitation intermittency: 

Given the similarity of the suggested works with the current study, we have no excuse for missing out on 
these papers. We therefore thank the reviewer for the recommendations that will greatly enrich the 
manuscript, and made the necessary changes. 

Before detailing the changes, reading this bibliography inspired us a new figure, which is relevant for 
sec�ons 3.1 and 3.3. We added this descrip�ve text in sec�on 3.1, and referred to it again in the revised 
sec�on 3.3. Figure numbers in revised text therefore reflect the addi�on of this new Figure (Fig. 3), and 
are re-numbered accordingly (Figs 3-6 in the original manuscript are now Figs 4-7). Note that we do not 
talk about isotopes in sec�on 3.1, therefore do not refer to (Sime et al., 2009a) in this paragraph, but do 
cite their work in sec�on 3.3.  

The analysis of yearly snowfall-weighted temperature (yTw) and “true” yearly temperature (yT, Fig. 
3) further supports that the effect of snowfall weighting is not constant, and may differ along local 
parameters including the temperature, but also probably the precipitation regimes. Importantly, yTw 
is not linear with yT, suggesting that changes in the annual temperature are not matched by 
proportional changes in the snowfall-weighted temperature. This relationship may also change 
whether we average annually or at other time resolutions. Besides, any given yT is matched by a 
large distribution of yTw, which means that snowfall weighting induces variability in the 
temperature. 

Detailed changes to include references to suggested bibliography. 

We added a paragraph in the introduction to refer the previous studies and their general findings how 
the objectives of the present manuscript may complete them: 

At the end of the first introduc�on paragraph: 

Differences between the snowfall-weighted temperature and average temperature remain poorly 
described. Characterizing these differences will thus help understand the signal recorded in water 
isotopes, and quantify the effects of precipitation intermittency in Antarctic ice cores (Masson-
Delmotte et al., 2011). 

In a new penul�mate introduc�on paragraph: 

Covariance of precipitation and temperature at synoptic and seasonal scales was shown to affect 
the isotope-temperature slope by changing the temperature that can effectively be recorded in an 
ice core (Sime et al., 2008). Changes in recordable temperature may be linked to precipitation 
changes rather than temperature changes (Krinner et al., 2006). In addition, intermittency of 
precipitation induces isotopic variability non-related to the temperature, especially important at 
inter-annual scale for the low accumulation East Antarctic plateau (Casado et al., 2020). Spatial 
and temporal changes of snowfall intermittency impact the recordable temperature (Sime et al., 



2008), which is partly responsible for the spatial and temporal variations in isotope-temperature 
slope values (Sime et al., 2009a, b; Klein et al., 2019). Sub-sampling the temperature signal by 
snowfall affects the recordable temperature in water-isotopes, but the extent of this effect, and its 
variability along the variety of precipitation regimes in the entire Antarctic continent, have been 
poorly characterized. Although post-deposition effects can further modify isotope-temperature 
slopes after deposition (Sime et al., 2011; Casado et al., 2018), understanding the temperature 
changes at time of deposition, related to snow precipitation, at different timescales and locations 
can explain some of the spatial and temporal diversity of the slopes. 

 

Additionally, we added references to each paper at their relevant place in the discussion: 

Methods, 2.2: 

To quantify the difference of temperature associated with snowfall, we define the snowfall-
weighted temperature difference as: 

∆𝑇𝑇 = 𝑇𝑇𝑤𝑤 − 𝑇𝑇 (3) 

This metric has been previously described as precipitation-weighted biasing in Sime et al., (2008), 
although we chose not to name it bias to avoid the confusion with the modelling temperature bias, 
referring here to the difference in modelled vs observed temperature. 

Results, 3.1: 

Another modelling study by Sime et al., (2008) showed ∆T of up to 10°C in East Antarctica for the 
present day, and lower values of about 5°C in west Antarctica, consistently with the results 
presented here. Our results mostly differ the coastal regions, and may relate to the increased 
resolution used in this study, or difference in modelling the physical processes of the katabatic-
affected Antarctic slopes. In this work we focus on the quantitative warming effect, but degradation 
of the climatic signal due to loss of correlation induced by precipitation intermittency has been 
treated in similar studies (Sime et al., 2011; Casado et al., 2018). 

Results, 3.2:  

These results are also in good agreement with the frequency decomposition of Sime et al. (2008), 
who showed that most of ∆T signal was in the synoptic signal, comparable to daily anomaly of 
temperature used here. Although the seasonal signal is mostly negative in Fig. 6a, we note weakly 
positive ∆T in Victoria Land, where Sime et al. (2008) also showed positive ∆T for their seasonally 
band passed signal. The extent of this positive region is greater in Sime et al. (2008), extending 
well within continental East Antarctica, but may be related to the discrepancy in modelled seasonal 
precipitation for the dry East Antarctic plateau, with a summer precipitation maximum causing 
positive ∆T in Sime et al. (2008) as opposed to the winter maximum causing negative ∆T here (Figs. 
5 and 6, High Plateau site). In another study using the same method, Masson-Delmotte et al. (2011) 
find much stronger ∆T over the East Antarctic plateau, linked to seasonal effects on temperature. 
However, this difference is likely to emerge from the ERA40 re-analysis used, which was 
documented with a lack of winter precipitation and cyclone intensity in winter in the driest regions 
of Antarctica (Bromwich et al., 2007; Marshall, 2009), which leads to unrealistically large seasonal 
effects of precipitation weighting. 



Now, applying the frequency decomposition method as in Sime et al. (2008) is possible. In the current 
manuscript we opted for a decomposition onto climate normal + anomaly, as opposed to frequency-
filtering the temperature and precipitation used for bias. We made the maps of temperature difference 
using the decomposition method described in Sime et al. (2008), in the supporting figure attached. The 
interannual ∆T computed with a lowpass is consistent with Sime et al. (2008) who describe a <|0.5°C| 
bias at interannual scale; this means that most of the remaining signal is split into seasonal (60 to 375 
days band-pass) and synoptic (60 days high-pass) scales, and yields similar results as we described in the 
manuscript (Figure 5, renamed to figure 6 in the revised manuscript, see the discussion above in this 
reply for the additional figure). Due to the low interannual bias, the two methods are approximately 
equivalent. 

We chose to continue using our decomposition as the distribution of precipitation throughout the year 
is often a topic of discussion for seasonal biases, so using the convolution of precipitation along the 
climate normal temperature is more direct for this specific discussion. In particular, deviation from this 
climate normal temperature, namely temperature anomaly (T’), is the variable shown in Fig.1 and in the 
inserts in Fig. 2. In addition, we show the climate normal temperature in Figs. 3 and 4 (Figs. 4 and 5 in 
the revised manuscript), thus we prefer to keep the consistency between current figures. 

Finally, we made additions in Section 3.3 to include suggested papers: 

In second paragraph of 3.3: 

Previous studies also highlighted that despite being weaker that non-seasonal effects in absolute 
value, seasonal effects on ∆T are the more likely to vary with climate as the seasonality of 
precipitation changes (Sime et al., 2008), in response to sea ice and moisture source changes 
(Holloway et al., 2016). 

[…] 

Given the spatial variability of ∆T, we advise against the use of spatial gradients to define isotope-
temperature slopes for temporal reconstructions. 

After third paragraph of 3.3: 

This explains at least partly a higher interannual variability of precipitation-weighted δ18O, causing 
increased δ18O-temperature slope in most of Antarctica at interannual scale compared to seasonal 
scale (Goursaud et al., 2018), and low correlations between modelled δ18O and temperature at 
annual scale (Münch et al., 2021). Simulation of δ18O signals that would be recorded in Antarctic 
Peninsula ice cores also revealed that the interannual variability in δ18O may show poor correlation 
to temperature variability even in high accumulation regions (Sime et al., 2009b). Non-linearities 
in the snowfall-weighted temperature as temperature and climate changes (Fig. 3) may be 
responsible for non-linear response of isotopes to temperature and underestimation of temperature 
maximum in warm periods, through increased winter (Sime et al., 2009a). 

Revised final paragraphs of 3.3: 



[…] Moreover, using slopes variable through time would result in better temperature quantification, 
because the slope depends on the temperature range and the location (Sime et al., 2009a), and may 
vary through time (Klein et al., 2019). 

Quantifying the local effect of snowfall-weighting on temperature range can help refine the 
temperature-isotope slopes for a more accurate estimation, and it should be done for different 
settings from glacial to warmer-than-present interglacial climate. Future temperature 
reconstructions could consider proceeding in two steps: (1) determine the snowfall-weighted 
temperature from water isotopes, for which the correlation is generally good and can be determined 
by Rayleigh-type models (e.g., Markle and Steig, 2022), then (2) determine the average (non-
weighted) temperature through site-calibrated Tw – T slope, calculated for the matching temporal 
resolution (similarly to  Fig. 3, but here we only show the yTw – yT  slope computed with yearly 
averages, and include all of Antarctica), while accounting for the difference in temperature between 
condensation level and surface, often dictated by inversion strength. Greater snowfall-weighted 
temperature differences at low-accumulation sites suggest that changes in snowfall regimes could 
impact the temperature difference, and thus bias the reconstructions from isotopes. Further work is 
necessary to fully understand how change in snowfall dynamics may influence temperature 
reconstructions from isotopes, which may be facilitated by atmospheric models equipped with 
isotopes. 

Unfortunately, despite our effort to search cross-referenced papers, not many other works have 
relevance for the specific topic of how precipitation weighting may affect the temperature signal. We 
added a few references in introduction and in Section 3.3 (Krinner et al., 2006; Goursaud et al., 2018; 
Klein et al., 2019; Münch et al., 2021; detailed changes above). 

Major comment (ii) The importance of surface versus condensation temperature: 

2.2 first paragraph was further detailed: 

Although the temperature recorded in water isotopes is imprinted at the condensation level (Jouzel 
and Merlivat, 1984), we chose to use 2-m air temperature for simplicity, because condensation 
levels change both spatially and temporally. Studies using water isotopes usually bypass the 
condensation to surface temperature changes by directly calibrating the isotope-temperature slope 
with 2-m temperature in most cases (e.g., Jouzel et al., 2007; Stenni et al., 2017), or applying a ratio 
of temperature changes that would be amplified at the surface (e.g., Jouzel et al., 2003). If we used 
the condensation-level temperature, the difference with climate normal would depend on the level 
of precipitation formation, and may be vertically spread on the atmospheric column, making the 
comparison more complex. With condensation temperature, we would expect weaker seasonal 
cycles because winter surface cooling is amplified by a strong inversion, but long-term temperature 
variability may not change much as implied by deglaciation simulations (Liu et al., 2023). Choosing 
the surface temperature also enables comparison with available observations, and this is the level 
also considered in many paleotemperature reconstructions. 

Minor comments: 

Introduction – needs to be fairly substantially modified in the light of the above. 



A new paragraph was added to highlight previous similar works (see additions above). Moreover, as 
suggested by the Review #2, we re-ordered the introduction so that isotopes are now mentioned from 
the second paragraph, with the first paragraph focusing on the warming effects of precipitations, the 
main topic of the first half of this manuscript. 
 
Line 124 – please compare with the equivalent numbers from previous HadCM3 and ERA40 results in the 
2008 and 2011 papers. 

See additions above, the comparison is made throughout Section 3. 

Line 167 – add calculations also for the inter-annual terms using MAR-ERA5 output. 

Detailed calculations are now written in the figure caption, along with the yearly averaged variables 
noted yT and yTw, used for the new Fig. 3 and added to Table 1. 

3.3 needs quite a lot of rewriting to acknowledge that whilst previous authors have calculated the daily 
biasing effects – and have shown these to be largest - nevertheless the most terms that changes the 
most with climate is generally the seasonal, rather than the daily/synoptic biasing terms. On this, do also 
read and consider referencing: Holloway, Max D. , Sime, Louise C. , Singarayer, Joy S., Tindall, Julia C., 
Bunch, Pete, Valdes, Paul J.. (2016) Antarctic last interglacial isotope peak in response to sea ice retreat 
not ice-sheet collapse. Nature Communications, 7. 9 pp. doi:10.1038/ncomms12293. Text can be 
modified to reflect that this paper also shows the primacy of seasonal (change with climate) effects. The 
2008, 2009 and 2011 papers, noted above, methods and results should also accounted for during 
rewriting. 

See additions above, the suggested article was cited in section 3.3. 
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Supporting Figures 

 
(new) Figure 3. Scatter heatmap of annual snowfall-weighted temperature (Tw) as a function of annual 
temperature (T) for every model point on the surface of the Antarctic ice sheet (including ice shelves). 
The red continuous line represents the average snowfall-weighted temperature given the annual 
temperature, dashed line highlights 1:1 line. 
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