Reviewer #1

We would like to thank the reviewer #1 for the comments and suggestions for producing new
analyses that helped us to improve our manuscript. Please find our responses in blue below
your comments. Italic text represents unchanged text from our manuscript while bold text
highlights our suggested changes.

This manuscript is a well written paper that presents the potential uncertainties we might
expect in future surface melt predictions due to the role of clouds. The manuscript is well
constructed and uses state-of-the-art regional climate model data but simply passes many of
the complexities related to the surface melt — albedo feedback. Before this study can be
published the authors should consider a much more careful analysis of the contemporary
surface melt production, including a robust evaluation of clouds and their phase differences.
In addition, other influencers of the surface albedo feedback should at least be mentioned,
such as the role of precipitation (snow + rain!) and the role of cloudy and clear-sky
conditions. Below | will divide my comments into major and minor comments and hope to
explain my concerns

Major comments

1. Surface melt and cloud evaluation

The major thing missing in this manuscript is a careful evaluation. Yes, the authors cite
several of the studies evaluating MAR energy fluxes, SMB and surface melt rates. However,
(future) surface melting is extremely sensitive, especially the role of clouds and their phases.
See for instance King et al., 2015 and the study of one of the authors Gilbert et al., 2020. |
would like to see more convincing evidence that contemporary melting is accurately
modelled and for the right reasons (you yourself note the effects of compensating errors)
and that the surface albedo feedback is (reasonably) correct. How does MAR represent
surface melting in cloudy conditions and in clear-sky conditions? There are ample ways to
improve and extend the surface melt evaluation with this paper. An example is Jakobs et al.,
2020, which provides a state-of-the-art evaluation dataset publicly accessible against which
the contemporary melt climate modelled by MAR can be tested.

Although we understand the concerns of the reviewer about the model ability to represent
surface melting in different conditions, we think that a detailed evaluation as done in King et
al. (2015) or Gilbert et al. (2020) is beyond the scope of our manuscript. Despite a real
interest to evaluate MAR, this requires a full paper dedicated to this topic (as is done in the
papers the reviewer highlights, King et al. (2015) and Gilbert et al. (2020)) and a short study
period (i.e one month), while the aim of our study is to understand what could be (in MAR)
the physical drivers leading to large differences in melt projections by the end of the century.
Furthermore, although partly using AWS observation, Jakobs et al. (2020) dataset remains a
model product with its own biases and therefore cannot be used so directly as a reference
for model evaluation. It would then require a more detailed comparison taking into account
instrument uncertainties (up to 10% following Jakobs et al. (2020)) which can be locally
higher than the daily biases of MAR fluxes (see Kittel (2021) and Hofer et al., (2021)). We
acknowledge that a daily melt evaluation of MAR has not yet been accomplished, but please



note the yearly evaluation as presented in Kittel et al. (2021) is similar to the comparison of
RACMO or QuikSCAT with the estimations provided in Jakobs et al. (2020).

However, we provide a “raw” daily comparison as suggested by the reviewer with Jakobs et
al. (2020) estimates (Fig. R1). It shows for all AWS a satisfactory representation of melt,
with a reproduction of realistic patterns in melt time series. Furthermore, we note some
differences between MAR and Jacobs et al. (2020) products, such as the absence of some
relatively small melt events at AWS6 and AWS16 in MAR. We also focussed on one summer
at AWS17 (between Larsen B and C) which did not reveal, at a first glance, a particular melt

bias related to cloud cover (Fig. R2).
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Fig. R1: Daily comparison of melt estimates from Jakobs et al. (2020) (blue) and simulated
by MAR (orange) at several AWS locations.

In the same way, we compared AWS and MAR albedo (Fig. R3) showing a good temporal
evolution of the modelled albedo during melt (and likely snowfall) events. This then suggests
that the melt-albedo feedback is properly, at least qualitatively, captured by MAR over the
present climate. Nonetheless, the comparison reveals that MAR tends to underestimate the
surface albedo and that further investigation will be necessary to determine if it results from
the underestimation of the fresh snow albedo, or biases in the snowfall amount (and snow
thickness over ice at the surface), cloud cover, liquid water production or refreezing, or a
combination of all these elements that influence MAR albedo. In the same way, the
comparison should also take into account uncertainties in the measurements.
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Fig. R2: Daily comparison of melt estimates from Jakobs et al. (2020) (blue) and simulated
by MAR (orange) at AWS17 during the 2015-2016 summer with the cloud cover from
Jakobs et al. (2020).

0.95 A

0.90 A

0.85 A

0.80 A

0.75 A

Albedo (-)

0.70 A

0.65 A

0.60 A

\

AWS Cloud Cover
AWS
MAR

A ‘ Wi
AT ‘f
i ,

:"-\‘;\/1, (.;l

1.0

- 0.8

T
°
[e)]

o
S
Cloud Cover (-)

-0.2

0.0

0¥

"
,Q’VQ

10\’6‘

S
o’Vx

Fig. R3: Daily comparison of surface albedo from Jakobs et al. (2020) (blue) and simulated
by MAR (orange) at AWS17 during the 2015-2016 summer with the cloud cover from
Jakobs et al. (2020).

In addition, before any weight can be given to the modelled cloud fractions, contemporary
cloud fractions should be evaluated in more detail. Examples to do this are the Van Tricht et
al., 2016 and Lenaerts et al. 2017 papers (I'm not aware if updates of these products are
available yet). They provide extensive Antarctica-wide products of liquid and solid water

clouds, against which cloud fractions of MAR can be tested.

We provide a comparison of the mean summer IWP (Fig. R4) and LWP (Fig. R5) from
Cloudsat-Calipso and MAR over 2010-2016 as also requested by #Reviewer2. Due to the



difference in grid resolution (2° for the CloudSat-Calipso product vs 35km for MAR), we
compared each product on its own grid as interpolating one product on the other grid would
increase the uncertainties.
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Fig. R4: Mean summer Ice Water Path over 2010-2016 as deduced from Cloudsat-Calipso
(Van Trich et al., 2016 and Lenaerts et al., 2017) (left) and as simulated by MAR forced by
ERADS5 (right).
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Fig. R5: Mean summer Liquid Water Path over 2010-2016 as deduced from
Cloudsat-Calipso (Van Trich et al., 2016 and Lenaerts et al., 2017) (left) and as simulated by
MAR forced by ERAS (right).

As revealed by Fig. R4, MAR tends to overestimate the IWP compared to the
CloudSat-Calipso product while still presenting a similar spatial pattern. For instance, high
values suggested by the CloudSat-Calipso product near the Peninsula, the Enderby Land



(and Cosmonaut Sea), and Wilkes Lands (and Mawson Sea) correspond to places where
MAR simulates its highest IWP values. In the same way, low values of IWP can be found
over the Ross and Weddell Seas in both products. MAR underestimates the LWP compared
to the CloudSat-Calipso product, especially over the ocean although both products are more
in agreement over the ice shelves. It is known that MAR underestimates LWP (Mattingly et
al., 2020, Sedlar et al., 2020) and could be partly explained by a too strong vertical mixing
(Inoue et al., 2021). Other studies (eg., Vignon et al. 2021) have also linked a poor
representation of mixed-phase clouds over the Southern Ocean due to a poor representation
of the turbulence-microphysics coupling as well as to an overall overestimation of the
predicted concentration in ice nuclei particles (and ice crystal growth rate) in standard cloud
parameterizations.

Despite having a correct agreement with ground observations (Lenaerts et al., 2017), the
CloudSat-Calipso product is marred by several uncertainties related to the satellites such as
revisit time, aboard measure instruments (Listowski et al., 2019), but also owing the
assumptions made to retrieve ice and liquid water contents from remotely-sensing signals
(such as the crystal mass-diameter relationship used to retrieve the mass concentration of
cloud ice (Delande et al., 2014)). For instance, the satellite overpass (one every 2 days at
60°S following Listowski et al., 2019) can miss short events with high values of particle
contents such as atmospheric rivers that are responsible for most snowfall amounts (Wille et
al., 2021). This results in an underestimation of IWP. Furthermore, the lidar signal is strongly
attenuated when meeting a liquid layer or thick ice cloud preventing a proper
characterization of the cloud layers below. Similarly, the signal is affected by the ground
clutter; no reliable measurement is possible below 1300m a.g.l. (Palerme et al., 2014) i.e. in
an altitude range where most boundary-layer clouds occur We have also compared MAR
cloud cover with CloudSat and ERAS in Hofer et al., 2021. The comparison suggests a good
agreement with ERAS5, while an overestimation against CloudSat. This could come from
MAR, the forcing (ERA5) or also the clutter effect and the underestimation of Cloudsat due
to particles below 1300 m. The comparison thus suggests cloud biases but it is not very
conclusive since one should include the observational uncertainties associated with the
mass/size relation, the horizontal resolution, and the limited temporal (revisit time) and
spatial (above 1300 m agl) coverage. One could for instance compute an IWP between 1300
m agl and the top of the atmosphere in MAR (and the satellite product), perform the
comparison only at satellite overpass times (similarly to the evaluation of Palerme et al. 2014
for the Cloudsat precipitation and ERA-Interim), and complement the evaluation with
ground-based observation comparisons. We however think that this more correct and
comprehensive comparison is beyond the scope of this paper, and we stress that this first
comparison with the Cloudsat-Calipso product should be taken with caution.

All this analysis does not mean that future MAR liquid clouds are unrealistic. If there is a bias
in the current model estimates (likely but should be refined with a proper comparison
knowing the uncertainties of the observational reference used), it affects all simulations in an
equivalent way, and its influence is likely damped when looking at differences betweens
different downscallings of ESM, all produced with the same MAR physics. We therefore think
it should not have an influence on the main results of this paper: MAR liquid clouds generate
differences in melt projected over the ice shelves despite a same warming rate. As
mentioned L300 in our manuscript, we already emphasise that none of the MAR projections



is more plausible than any other and that the purpose of this study is to understand which
physical factors lead to large uncertainties in Antarctic melt estimates projected by the RCM.
We clarify and emphasise this aim in the introduction modifying L31-48:

Surface melting in Antarctica is currently predominantly limited to Antarctic ice shelves
\citep{trusel2013,van2018, Agosta2019}, the floating extensions of the grounded ice sheet.
Surface melt can damage the ice shelves \citep{Lhermitte2020}, potentially initiate their
collapse \citep{van2005} and increase the Antarctic contribution to sea level rise (SLR)
through a speed-up in glacier flow \citep{Scambos2014}. Little is known about how
cloud-related uncertainties will influence the future climate and surface mass balance
projections over the Antarctic ice shelves.

Quantifying the influence of clouds on the SEB remains challenging over bright surfaces in
high latitudes. This is particularly true over the AIS where observations are scarce and
expensive to maintain \citep{fbromwich2012, boucher2013}). From a modelling perspective,
stronger positive cloud feedbacks over the southern ocean result in higher equilibrium
climate sensitivities in Earth System Models (ESMs) from the recent 6th phase of the
Coupled Model Intercomparison Project (CMIP6) than in the earlier 5th phase
\citep{Zelinka2020,Wyser2020,wang2021}. Furthermore, ESMs usually lack the necessary
spatial resolution and underlying physics to resolve the small floating ice shelves. For
instance, coarse-resolution ESMs tend to project a lower decrease in SMB, and then likely a
lower increase in melt compared to high-resolution regional projections \citep{kittel2021}.
This highlights the need for a more detailed quantification of the future cloud effects with
high-resolution and polar-oriented models to evaluate uncertainties related to cloud
properties on the projected Antarctic surface melt and resulting SLR contribution.

To understand how the SEB drives the differences in future summer surface melt over the
Antarctic ice shelves, we force the regional climate model "Modéle Atmosphérique Régional”
\citep[MAR, ][][{Gallee 1994} with four ESMs from the CMIP5 (ACCESS1.3 and NorESM1-M)
and CMIP6 (CNRM-CM6-1, CESMZ2) database using the highest greenhouse gas
concentration pathways (respectively RCP8.5 and SSP585).

To
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We will also mention the biases in the representation of clouds as simulated by MAR
(L54-66) (while removing the comparison of the biases with the radiative forcing due to GHC
as the comparison is not appropriate since it compares values at the tropopause for the
whole Earth against values at the surface for a single continent).

The model has been thoroughly evaluated over the AIS against near-surface observations
from automatic weather stations (AWSs) \citep{datta2018, Mottram2020, kittel2021,
Amory2021} including radiative fluxes \citep{Letoumelin2020, kittelthesis}, SMB
measurements \citep{Kittel2018, Agosta2019, Donat2020interannual, Mottram2020,
kittel2021}, melt estimates derived from both satellites
\citep{datta2018,Donat2020interannual} and AWSs \citep{kittel2021}. MAR underestimates
summer SWD by -6.9~\unitfW}\unitfm™{-2}} and LWD throughout the year by
-9.9~\unitfW}\ \unitfm™{-2}} \citep{kittelthesis}. While these biases seem significant compared
to the future radiative forcing increase due to greenhouse gas concentration in 2100
\citep[+8.5~\unit{W}\,\unit{m™{-2}}in RCP8.5 and SSP585,][][{ONeill2016}, it is important to
note that MAR correctly represents present Antarctic surface melt and near-surface
temperatures \citep{kittel2021)}. This suggests a correct representation of the SEB through
compensating turbulent fluxes and in general compensating errors whose impacts on the
future SEB and melt is difficult to assess. Furthermore, this study aims to explain the
projected spread in melt illustrated in previous studies using MAR \citep{gilbert2021,
kittel2021} rather than expanding on possible sources of misrepresentation of radiative
fluxes in pre-existing simulations.

To

The model has been thoroughly evaluated over the AIS against near-surface observations
from automatic weather stations (AWSs) \citep{datta2018, Mottram2020, kittel2021,
Amory2021} including radiative fluxes \citep{Letoumelin2020, kittelthesis}, SMB
measurements \citep{Kittel2018, Agosta2019, Donat2020interannual, Mottram2020,
kittel2021}, melt estimates derived from both satellites
\citep{datta2018,Donat2020interannual} and AWSs \citep{kittel2021}. MAR underestimates
summer SWD by -6.9~\unitfW}\\unitfm™{-2}} and LWD throughout the year by
-9.9~\unitfW}\\unit{m"{-2}} \citep{kittelthesis}.



It is important to note that MAR correctly compares with recent melt estimations and
near-surface temperature observations \citep{kittel2021}. This suggests a satisfactory
representation of the SEB likely due to compensating turbulent fluxes whose impacts on the
future SEB and melt is difficult to assess. $ [IUMFRP SDUVRQ ) L] a6 ZIW &®XGC6DW
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Finally, we suggest to adapt the last sentences of our manuscript (see our response to your
major comments #5).

2. The role of snowfall and rain

This study solely looks at the radiative fluxes and their role in influencing surface melt
production. However, especially in a future climate, precipitation rates are also going to
increase, including a change in the fractions of rain and snow. Where obviously rain should
be added to the surface melt rates (is it?), rain and snow also affect the melt-albedo
feedback in several ways. This effect should be discussed. As of now, snow- or rainfall is not
even mentioned once in the manuscript, while its relation to clouds is rather obvious.
Additionally, a discussion can be added how future precipitation itself is influenced by cloud
fraction, as it is likely just as important for ice shelf stability in a future climate as surface
melting is.

The role of snowfall on albedo was not originally discussed as Shortwave Net contribution is
relatively close for a same warming rate suggesting that the effect of the surface albedo
decrease is compensated by the “parasol” effect of clouds (also stronger in the experiment
where the surface albedo decrease the most, ie MAR forced by CNRM-CM6-1). The regional
analysis requested by the reviewers sheds light on discrepancies in the SWN contributions
so that we will discuss the albedo differences where it matters (See our response to #R1.3),
as for instance over the Antarctic Peninsula.

Concerning rain, let us first clarify the different kinds of liquid water at the surface in the
model: melting of snow at the surface, rain, or remaining water that cannot percolate or
refreeze due to the snowpack (runoff in MAR) (or we did not understand what the reviewer
meant by “rain should be added to the surface melt rates”). The amount of melt production
results from the excess in energy in the SEB and is therefore an additional, different process
to the rain leading to the presence of liquid water at the surface. Both melt and rain (i.e.
liquid water) add up to determine the amount of water that percolates, (re)freezes, or is in
excess and then considered to be runoff. The future effect of both melt and rain on runoff
and then on SMB is discussed in Kittel et al. (2021). We here focus on the differences in melt



production only while as you mentioned, we also found a link between more melt due to
liquid clouds, and more rain due to liquid clouds for a same warming (see L257-L262).

However, the differences in rain for the same warming between our experiments have likely
no influence on melt differences, suggesting a low importance of the rain-albedo feedback
(in MAR and for the warming range in our projections). This is explained by the stronger
increase in melt amount compared to the increase in rain and the albedo parameterisation in
the model. Once the snow grain metamorphism has lowered the albedo up to 0.7 (which
often occurs during melt events, see Fig. R3), the “snow-firn” albedo is computed as a linear
transition between 0.7 and 0.55 dependending on the density.

The theoretical development in Donat-Magnin et al., 2021 (Appendix B1 and B2) highlights
that given melt and rain amounts of the same magnitude, melt will more strongly favour the
densification of the snow-firn (or the reduction in firn air content) than rain, as melt (not rain)
consumes the firn. Since the increase in melt is between 7 and 10 times stronger than the
increase in rain over 2071-2100 (Kittel et al., 2021), it explains why the rain-albedo effect
cannot have a strong influence on the increase in melt and therefore on melt differences.
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Fig. R5: Summer melt over the ice shelves projected by MAR forced by CNRM-CM6-1
(reference experiment in blue), and where we modify rain and snow before forcing the
surface scheme. Orange line refers to the experiment with no rain, green and red
respectively where 25% and 50% of snow are converted into rain.

Furthermore, we performed sensitivity experiments to more thoroughly address the
reviewer’s concern. We set rain to 0 (SS (RF=0)) or convert a fraction of snow into rain (25%
hereafter referred to as SS(25%(SF) to RF) and 50% referred to as SS(50%(SF) to RF)
before forcing the surface scheme. We performed these experiments over December
2094-2100 using CNRM-CM6-1. We did not find any differences compared to the reference
run where we remove the rain in the surface scheme or when 25% of the snow is converted
into rain (Fig R6). Only the experiment with the largest perturbations (where half of the snow
becomes rain) suggests a significant increase in melt. In this specific experiment, the
amount of rain is greater than the amount of snow, so that the rain vs snow ratio is larger
than the ratio in Donat-Magnin et al. (2021, Appendix B1) leading to a strong decrease in



albedo while the albedo remains unchanged in the other experiments (Fig R6 and Fig R7).
Although we haven’t performed experiments where rain is converted into snow, we are
confident that it will not lead to different conclusions as the increase in melt is much larger
than the increase in rain and snow combined.
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Fig. R6: Summer mean albedo over the ice shelves projected by MAR forced by
CNRM-CM6-1 (reference experiment in blue), and where we modify rain and snow before
forcing the surface scheme. Orange line refers to the experiment with no rain, green and red
respectively where 25% and 50% of snow are converted into rain.
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Fig. R7: Anomaly in summer mean albedo (%) between the experiment where 25% of snow
is converted into rain and the reference run over 2094-2100.

The theoretical development and the sensitivity experiments suggest that differences in rain
do not contribute to differences in melt. This does not mean that the rain-albedo feedback



cannot increase melt, but that the melt-albedo feedback is much stronger than the
rain-albedo feedback up to 2100 or 8.5°C following the regional warming of CNRM-CM6-1.
We then think there is no need to discuss the rain relationship with cloud fraction further and
refer to Kittel et al., 2021 for precipitation changes but suggest to include this analysis in the
new Section 3.3 that discuss (regionally) the importance of the albedo. (See the end of our
response to #R1.3).

3. Regional climate

Throughout the manuscript ice sheet wide averages are used, even though about 30% to
50% of all (contemporary) surface melt occurs in the Antarctic Peninsula. Not only will the
numbers presented therefore not be completely representative of all Antarctic ice shelves
and the Antarctica Peninsula climate will dominate your results, you are also losing a lot of
the local climate signals by averaging this way.

It is known (King et al., 2015 and other studies) that the surface energy budget (and hence
melting) is heavily influenced by the partitioning of ice/water cloud particles, and that this
process is very uncertain (like is concluded by yourselves) and very local. Some attention
should therefore be spent on how these processes are governed elsewhere in Antarctica;
e.g. do the same sensitivities exist over other ice shelves than Larsen C ice shelf? Some
regional case studies should be performed to strengthen the conclusions in this study.

As also requested by Reviewer #2, we present the same analysis but per regions together
with maps. We suggest changing most of the figures to include these more detailed results,
and list all suggested changes in the manuscript associated with each figure. The message
of the manuscript is unchanged (i.e., the influence of clouds and especially liquid-containing
clouds to explain projected melt differences) but will take into account regional differences.
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Fig. R8: Cumulative surface melt (Gt) and SEB anomalies (Wm) over the Antarctic ice
shelves. First row (a-e) shows the cumulated integrated surface melt and averaged SEB
components over the whole Antarctic ice shelves, while second row (f,g,h,i,j) is for the
Antarctic Peninsula, third row for East Antarctic sector including Ross and Ronne-Filchner
ice shelves (k,I,m,n,0) and fourth row (p,q,r,s,t) for the West Antarctic sector. Second to firth
columns represent the cumulated changes for each SEB component (green : net shortwave,
orange : net longwave, purple : sensible heat, blue : latent heat) for each MAR simulations
(second row : forced by ACCESS1.3, third row : CESM2, fourth row : CNRM-CM6-1, fifth
row : NorESM1-M)



New section “3.1 Contributions to summer _melt increase” will conserve its first paragraph
that presents the values averaged for the whole Antarctic ice shelves while we suggest to
replace L138-L165:

6P LW RXUO$5 H SHUP HOW SURMFWGLIHHQWP HOVIQFUDVHY RYHU HDFK LHJLRQ
GHSHQGLQJ RQ WH IRWIFIQI (60 %4 HHQ WH BRZ FMWDQG WH KLI KKMWQFUHDVHY  Z H
IRXQG D IDFRURI  MP RYHUWH $ QEBUFWE 3HIQUX® $3 ) LJ aHWBVKHO |
AP RYHU WH : HVWS$ QEBUPWE FH 6KHOHV ($,6 )L a2HAWBVKHO'N DQG D
IDPVRURI MP  RYHUWH ( DW\$ QEUFWE ,FH 6 KHOHV : $,6 Z KHH Z H DOR LQFOXGHG
5RW DQG 5RQOH) LBKQQHU IFH VKHOYHV ) LJ aZHAWBVKHD'S : KIBI WH 1R{ 60 O
DQG WH $&&( 66  H SHUP HQN SURMPWGLIHHQMOQFUHDVHY RYHU HDFK (HIIRQ  \WH
&150 &0  DQG &(60 H SHUP HOV PRAMD RQO GUIHURYHUWH : $,6 7KHH LV
IQGHHG D IDFRU  MP EHVE HHQ WHVH \ZR SIRMPFWRQV GHVSIWM D VIP LOU ( 60
ZDWPLQ) 7KH: $,6 ZIW 5RW DQG5RQQH) LBKQQHU DSSHDW/ \R EH D IHIIRQRI P DVRU
XQFHUBLQWHN DV WH GLITHHQFHV 1Q WDW/SHFLLLE VHRVRUGRP LODWAV WH $ QUUPWE VJ QDO
YHRWH GIVFXWIQI WH 6 ( % GUYHY GDGLQ) \R @U H GLIHHQFHV Rl P HOMQFUHDVH RYHU
WH: $,6 ZH ZIOIWAD DQDOVH WH VI R RWHU VHRVRY EHFDXVH WH FKDQI HV 1Q WH
HQOHU\ EDDQFH DQG WHQ DWRFLDMG SURFHWHY  DUH GLLTHIHQWQ HDFK UHJ [RQ

2YHUWH $3 DI FKDQIHV DIH SLIRMFWG \R SRVIWYHD FRQWEXWM \R WH P HOV
LQFUDVHV 0 $5 SURMFW DQ LQGLYIGXDOVIP LU SRVIMYH FRQWEXWRQ Rl UDGIDWYH [ OX] HV
@RQUZDYH QHW /: 1 DQG VKRUEDYH QHW 6: 1 IRUHDFK H SHUP HOWH FHSWZ KHQ
IRFHG E\ &(60 ZKHHWH IQFUDVHIQ6: 1 IV VARQIHUWDQLQ/: 1 7KH UHDWHO

®Z HULQFUDVH 1Q/: 1 1Q WLV H SHUP HQAMHVXAV ILIRP WH FRP SHWAYH HIHFWRI P RUH
RSDTXH FRXGV KLIKHU RSWFDO GHSW EXWGHFUHDVHG F®RXG FRYHU RYHU WH $3

)LJ a6 7KHVH FKDQIHV 1Q F®XG FRYHU DOR FRQMEXWM \R GHFU-DVIQI VQRZ

SUFISMMRQ FUMS®, MO  ° 7KH FRP EIQDMRQ Rl LOFUHDVHG P HOVDQG GHFUHDVHG
VQRZ ID® ®DG R D ®UH GHFUDVH 1Q WH DEHGR )LJ a6 H SOIQQI WH KLIKHU
FROMEXWRQRI 6: 1 IQWHO$5 IRFHGE\ &(60 VIP XOMRQ ) LJ a2ZH WBVKHD'S W
LV LOMHMQI VR QRWM WDWIKH SRVIWYH FRQMEXWRQ Rl ERW UEXGIQWO HV LV VSHFLLF

W WH FH VKHYHY R WH S$QEUFWE 3HQQUX® 5HHQV WMGIHV
FIMS, XISHY ~ YDQ HWHP . XISHW ' DM KDYH VXJJHWMG WDW
ZDWP DIUDGYHFURQV QRWE® GXUQJ IRHKQ HYHQW DUH DQ LP SRUBQW/RXUFH RI HOHU\

RYHU WH 3 HJQVX® SWRGXFLQ) VWRQI P HI\RYHUWH SUHVHOWFTP DM 0 $5 VIP XOMRQV
SIRMPWD VWRQI BRFDOZ DIP IQ] GXH VR Z DUP HUDQG P RMMU DIU DGYHPWRQV LOGXFLQY

KUKHU SUHFISMMRQ FLOMSNWMO ° EXW DOR @UHU P HW DWWV 6lQFH WH
VQRZ LIFH FRYHIHG VXUDFH FDQQRWZ DLP KL KHUWDQ WH P HOMY) WP SHIDWH Z DUP HU
DIU DGYHFWRQV DOR LQFUHDVH WH WHP DO L.QYHWIRQ DQG WHQ LOFUHDVH 6+) 7KH
SRVIWYH 6+) DQRP DOHV RYHU WH 3 HQQVX® HYHQ EHFRP H GRP LQDQWRYHU WH Z KR
DYHUDI HG $ QEUFWE LFH VKHYHV ) LJ a2ZH"WBVKHD F G DIWWU ZKHQ 0 $5 LV IRIFHG
E\ &150 &0 DQG&( 60

7KH P HOVIQFU-DVH RYHU WH ( $,6 LV SIRMPMG R EH GRP LODMG E\ WH LOFUHDVH 1Q
WDGIDWYH 1O HV DQG HWHOMD® 6: 1 7KH 0$5 IRFHG E\ 1RY 60 0 VIP XOMRQ
H FHSWG D@H SHUP HQW SIRMIPAD VMARQIHUIQFUHDVH IQ 6: 1 WDQ/: 1 Z W D IDRRU
EHEHHQ MP W MP 7KHOUH IQFUHDVHIQ 6: 1 UHVXOV ILRP WH DEHGR
GHFUDVH )J a6 GXH R P HOVDQG DWRFLDWG P HO\DEHGR |HHGEDFN DV VQRZ | D@DWH



SIRMFWG \WR LOFUHDVH RYHU WH IFH VKHO'HV Rl WLV VHRRU FIWSN WMO  ° 7KH
P HO\DEHGR |HHGEDFN DR H SOLQV WH UHDWYH KLJ K FRQMEXWRQRI /: 1 FRP SDUHG \R
6: 1 IQWHI1IRY60 0 H SHUPHMWDV PHWMY INHO WR Z HDN VR DRXYD@ WL JHUIW

VENLQJ LOWR DFFRXQUWIMH LQFUHDVH LQ 1 UHVK VQRZ

7KH ($,6 VHPRU IOFOGQI WH \ER @UWHWIFH VKHYHV GUYH WH $ QEUPWE VFD®!

GUIHHQFHY 1Q SIRMFWG P HOV ) RERZ Q] DO $5 SIRWFWRQY WH WDGIDWYH 10 HV
H SOIQ WH LOFUDVH 1Q P HIVZ KIB! UEXBGIQWIO] HV KDYH D QHJ DWYH FRQWMEXWRQ

+RZHYHU RQD /: 1 LV SIRMPMG \R VARQIO® LOFUHDVH DQG H SOLQV XQFHIBIQWHY 1Q
PHW7KH 6: 1 FROQMEXWRQ R 0$5 IRFHG E\ &150 &0  DQG &(60 DQGWRD
GMWHUH WOWB &&( 66 LV DB RWAHTXLYDBIQWZ KHUHDVWH&150 &0  H SHUP HQW
SIRMFW D P XFK @UHJ MP \ELFHDV @UJHDV LQFUDVH IQ /: 1 WDQ DDWH RWHU
VIP XOMRQV 0 $5 SURMFW DQ LOFUHDVH IQ FBRXG FRYHU ) LJ a6 HQKDQFLQU /@ 1 EXWV

QRVWIXI I LFLHQMR H SOIQ WH SIRMPMG GUIHHQFHY  VHH KHIHDIWU WL [P SRUBQWR

QRW WDWHVX@V 1Q WLV VHRVRUDIH P RAM® GUYHQ E\ WH 5 RW DQG 5 RQQH ) LEKQQHULFH

VKHOHY GXH R WHUVXSHULFLHV

7KH FROQMEXWRQ Rl D IHZ VSHFULE HYHQW R SWRGXFH P HOVRYHU WH $ QEIUFWE LFH
VKHOYHV 1V SLIRMPMG VR FKDQIH : H FRP SDIHG WH DP RXQWRI P HDQ P HOVSURGXFHG
GXUQI WH VWRQIHVWWXP P HUHYHQW GDL® P HOWDERYHWH S Rl WH FQP DWM SHURG
R WH P HDQ VRVMBOVXP P HUDP RXQWRI P HOWRUWH SUHVHOASHURG DQG WH
IXWH SHURG 2 YHU SSWHOAGD. FRQGMRQV )L a6 WLV MR LV KUK
KUKHUWDQ 2 WH SHQQUX® H FHSWG VXJJHMQI WDWP HOWP DIQD RFFXWY GXUQ]
VSHFLLE HYHQW VXFK DV DW RVSKHUE UYHY FOMS™ 1@ 2 QWH FRQAWDY D@WH
0$5 H SHUP HOQV SIRMPWD P XFK ®Z HUFRQWEXWRQ Rl WHVH VSHFLLE HYHOW 1Q WH
VREOVXP P HUP HOV) LJ a6 7KLY VXJJHW WDAP HOVZ LARFFXUGXUQI P RUH GD\ V 1Q
WH Z KR®I VXP P HU

We then suggest changing L166-L177 (with update of the original Fig. ~S4 that will be
moved into the main manuscript) by

The differences in projected melt and SEB in 2100 are partly linked with the warming
sensitivity of each forcing ESM. As suggested by the global response of an ESM to increase
in greenhouse gas concentration or equilibrium climate sensitivity (ECS, see supplement in
\citet{Zelinka2020} for CMIP5 and CMIP6 models), MAR forced by NorESM1-M (ECS of 2.8)
and ACCESS1.3 (ECS of 3.55) project a lower future melt than the two other experiments.
Nonetheless, ECS does not wholly explain the differences between the CESM2 (ECS of
5.15) and CNRM-CM6-1 (ECS of 4.9) experiments as the latter suggests a larger melt
increase. This could be explained by accounting for the ECS capturing the greater warming
over the Antarctic region simulated by CNRM-CM6-1 (+8.5°C vs 7.7°C for CESM2 in 2100
compared to 1981-2010). However, MAR forced by CNRM-CM6-1 still simulates a larger
melt increase for the same warming rate than the other experiments
) J a?H"P HOYWWV D 7KLY KL KQ KW WDWDIMRXIK P RGHO( &6 FRQMEXWV P RVW
WARQI O R XQFHWRLQW LQ P HO\DQG 6 ( % RWHU®RFDOSK\ VIFDOP HFKDQ\VP V KDYH \R EH
LQYROHG LQ DGGMWRQW ( 60 ZDWP LlQJ WIDWV ) LI XUHa2ZH P HOVWRV | XUMHUFRQILLP V \WWH
KL KHWWSUHDG IRU P HOVFKDQIHY FDXVHG E\ (60 ZDWP LQJ RYHU IFH VKHOHV Rl WH
: $,6 FRP SDUHG \WR RMHUWHI IRQV P DNIQJ WH: $,6 WH P DIQ WHJ IRQ RI XQFHURLOQW 1Q
RXU VIP XOMRQV : H ZI©OWHHRWH DQDOVH WH IDFRY EHKIQG WH /: 1 DQG P RWH



SUFLVHO EHKIQG /: ' GUIHHFHY RYHUWH : $,6 IRFXMQI HVSHAID® RQ \WH
&150 &0 DQG&(60 H SHUP HQW KDYIQJ LQ P 1OG WHU IHDWYHO F®&RVH ( &6 DQG
UHJ LRQDCS QUEBUFWE Z DUP LQIV
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Fig.R9: Mean summer melt changes compared to mean summer ESM near-surface
temperature over the 90°S-60°S for all the Antarctic ice shelves (a), the ice shelves
of the East sector (b), the West sector (c), and the Antarctic Peninsula (d) as
projected by MAR forced by ACCES1.3 (purple), CESM2 (green), CNRM-CM6-1
(orange) and NorESM1-M (blue).

Section “3.2.1 Changes in atmospheric temperature and water vapour” (L185-198) will
remain unchanged except we will update Table S4 based on values over WAIS. Note that
the new version of FigS5 will be in the manuscript replacing the original FigS5, FigS6 and
FigS7 and showing local comparisons with the forcing ESM temperature.

Section “3.2.2 Changes in cloud properties” will be also updated with the values of the WAIS
sector.
L200-208 will become:



The cloud contribution to LWD mainly depends on their own longwave emissivity. The latter

can be modified by the COD and therefore cloud phase. Furthermore, a larger cloud cover

also favours larger LWD values even for unchanged physical properties (ie, COD). The MAR

experiments project a larger cloud cover RYHUWH 5 RwV DQG 5 RQQH ) LEKQOHULFH VKHOYHV
) LJ a6 and also more opaque clouds (Fig.~\ref{cloudslwd}) and a decrease in SWD.

The mean summer cloud cover (CC) and COD are projected to increase during the 21st
century (Fig~\ref{cloudsiwd}). While MAR driven by ACCESS1.3, NorESM1-M, and CESM2
have similar CC increases (EHEHHQ MP ? DQG MP ? , the CNRM-CM6-1
experiment (ie., with the strongest melt) reveals the largest cloud cover increase with %
more frequent clouds during the austral summer. This is more than a factor of two compared
to the other projections. In the same way, COD increases starting from $\sim$2020 with a
factor$\sim5$ between the smallest (NorESM1-M) and the largest (CNRM-CM6-1)
increases.

7KH HDWRQV H SIHWWHG IQ ) J a  VXIJIHWWKDVWMWH VHOVIWYIW RI WH /: " LOFUHDVH
ZRX@ SIRJIHWWLYHO WRS IRU YHU OUH IQFUHDVHV 1Q &2' DV WH FARXG HP DMLYIW
DSSWIRDFKHV  As these values are not reached before 2100 in our simulations, the future
LWD increase is supposed to remain sensitive to cloud optical properties during the whole
21st century, including for high warming rates as projected by CNRM-CM6-1 and CESM2.
While higher temperatures lead to larger COD increases, Figure~S demonstrates that the
future changes are not only a direct consequence of atmospheric warming. For instance,
MAR driven by CNRM-CM6-1 simulates stronger changes in COD than other experiments
for equivalent near-surface warming rates over the ice shelves. This again highlights the
predominant influence of the ESM warming as the main driver of melt differences but also
the amplifying role of clouds.

Section 3.2.3 “Changes in cloud particle water phase and mass” will also take into account
the regional analysis over the WAIS sector (with minor updates of the Table S2 and original
figures therein).

L332-L360:

MAR projects an increase in cloud particle contents and changes in phase distributions over
the ice shelves that differ between the simulations, resulting in different cloud optical
properties (Fig.~\ref{cloudicepath}, Fig.~\ref{cloudiwppath}). Over 2071--2100, the summer
mean solid water path (SWP, the mean total amount of ice and snow content in the
atmosphere averaged for every summer) increases similarly among experiments with
anomalies between \unit{gh\,\unit{m"{-2}} and \unit{g}\,\unit{m™{-2}} which represents
a factor of between the lowest (NorESM1-M) and the highest increase (CESM2). This
increase in the CESM2 experiment represents an increase of +37\% compared to present
values and does not result from a specific underestimation of this experiment over the
present climate, as all the experiments starts with similar SWP values around
S\sim$~\unit{g}\,\unitfm™{-2}}. While all projections simulate a higher liquid water path (LWP,
equivalent of SWP for water droplet content) in the future, large differences persist in the
anomalies. MAR driven by CNRM-CM6-1 projects a stronger increase in LWP (
\unit{g}\,\unitfm”{-2}}) that is  \WP HVlarger than the increase in the NorESM1-M experiment
( \unit{g}\,\unitfm™{-2}}) over 2071--2100.



The different increases in LWP control the spread in projected LWD for a same warming

rate. This results from the strong dependence of cloud emissivity on their liquid water
content \citep{stephens1984, bennartz2013}. While the CESM2 experiment suggests slightly
larger changes in SWP than the CNRM-CMG6-1 experiment, the latter projects more

liquid-containing clouds (higher LWP) resulting in more opaque clouds (higher COD and then

higher LWD) for the same warming rate (Fig.~\ref{cloudicepath}, Fig.~\ref{cloudiwppath}).

7TKH&150 &0 H SHUP HQMMQGV R SIRMPADU HULQFUHDVHV 1Q/ : 3 RYHUD@WH LFH
VKHYHV WDQ WH RWHUH SHUP HQW IRUVIP LUZ DUP Q) IDWV + RZ HYHU WH GLIHHQFH
FRP SDUIHG \R WH RWHUH SHUP HQW LV RQO DV @UJ H DV RYHUWL VSHFULF WIHI IRQ IH WH
: $,6 This analysis highlights the strong influence of the cloud water phase for explaining

melt differences projected for the same warming ratH RYHUWH : $,6 D WHIIRQ ZH
SIHYIRXVO LGHQWHG VR FRQAROMH I XVXIH P HOWQFHUBLQWHY

The projected cloud phase differences are explained by the preferential increase of either
water and rain droplets or ice and snow particles at a same warming rate. Over 2071--2100,
both the vertically-averaged atmospheric changes in humidity and temperature projected by
MAR driven by CESM2 and CNRM-CM6-1 are similar over the ice shelves of WAIS
(Tab.~S2). This enables a direct comparison removing the influence of global warming on
potential differences.

At the lateral boundaries, the CESM2 experiment reveals astronger increase in specific

humidity above 2000~\unit{m asl} than MAR forced by CNRM-CM6-1. The pattern is
opposite below 2000~\unitfm asl}, where the future CNRM-CM6-1 atmosphere is
characterised by stronger low-level humidity advection (Fig.~\ref{veticalqqp}a).

6XSSOGPHMY PDSV )LJ 6 DQG ) 6 L@&XWDWM WDWWHVH GVFUHSDOFIHY DUH
UHDWYHO VSDWDO@ XQURWP DIRXQG WH ERXQGDUHV Rl 0$5 +RZHYHU RXU WLHVXGV
VXJJ HVWWWRQI HU GUTHHQFHY RYHUWH @ $,6 DQG WH @UH IFH VKHOHV 5RW DQG
) LPKQOHUS RQQH  High- and mid-level humidity advection favours the formation of snow
particles (Fig.~\ref{veticalqqp}b), while low-level humidity advection, where the temperature

is higher, leads to the formation of more water droplets (Fig.~\ref{veticalqqp}c). The

formation of either snow (and ice) particles (CESM2) or water droplets (CNRM-CM6-1) when

saturation is reached results in differences in SWP and LWP that further induces changes in

LWD over the WAIS sector. The preferential future increase in low-level water droplets in the

CNRM-CM6-1 experiment finally induces a stronger surface melt over the ice shelves than

the CESM2 experiment despite a similar regional warming rate. Furthermore, the preferential
increase in either cloud water droplets or snow particles also explains why MAR driven by
CNRM-CM6-1 simulates more liquid precipitation than when driven by CESM2 and
conversely for solid precipitation (see the Fig.~7 in \citet{kittel2021}).

Finally, we suggest to modify_Section 3.3 Enhanced SWD absorption due to clouds
(and rename it “Enhanced shortwave absorption and influence on the albedo”)

7KH VXUDFH LV SIRMFWG \R DEVRLE P RUH VKRUZ DYH GHVSIW GHFUHDVHG 6: ' RYHUD®
IFH VKHOYHV 7KH 6: ' FKDQIHV DIH GHWMWP LOHG B\ FKDQIHV 1Q F®RXG FRYHU DQG
SWIRSHIAHV 2 YHU DOWH $ QEUFWE IFH VKHOYHV WH 0 $5 H SHUP HQWV SIRMFWP RWH
RSDTXH F&RXGV DQG DQ LQFUHDVH 1Q && D® RWHYHY Z KHH 7 KH QRWFHDE®! H FHSWRQ LV
WH $3 ZKHH && LV SIRMPMG \R GHFUDVH HVSHFID® 1Q WH &( 60  H SHUP HQW
+RZHYHU WH &2' HIHPWGRP LODWV && FKDQIHV WWODGDGEQ) VR D GHFUDVH IQ 6



HYHQ RQWH $3 7KH H FHW HQHU\ DWKH VXUDFH Z DUP V DQG P HIV VQRZ 7KLV 1Q \XLD
SIRPRWMV VQRZ JWDIQ P HMEP RSKIVP WDW FRP EIQHG ZIW WHUH Q) R @rxiG
P HOZ DMU ®ZHY WH DEHGR DQG X@P DMO IDYRXW 6: ' DEVRBMRQ 7KL HIHFW
GRP LODWIV RYHUWH GHFUDVH IQ 6: ' FDXVHG E\ WH P RUH QXP HUIRXV DQG DOR P RWH
RSDTXH FRXGV

: HFRP SDIHG WH DEHGR GHFUHDVH IQ 0 $5 VIP XMAWRQV VR WH IRUFLQ] WP SHIDMUHV 1Q
WH (60 )LIXUHa H$/7$6° UHYHDY WDNO $5 IRFHG E\ &150 &0  SWRWFW D
VMRQI HUDEHGR GHFUHDVH RYHUWH : $,6 VHFVRUDWRFLDMG Z W U H Z DP LQJ DWWV
FRPSDIHG VR 0$5 IRFHG E\ &(60 7KLV UHVXGV IWIRP WH DERYH GIVFXWHG
GIVFIHSDQFLHV 1Q F®RXG SWRSHUMHV GDGQI R GlLIHHQWP HOVIDMY DQG DWRFIDMG
FKDQIHV 1Q DEHGR : KL WH P RWH @rXIG SUHFLSIMMRQ 1Q VRP H 0 $5 H SHUP HQW
FRX@ FRQMEXW R | XUNHU GHFUDVH WH VXUDFH DEHGR D VHQVIMYIW H SHUP HQMQ
0$5 IRFHG E\ &150 &0  ZKHH WQD®DP RXQN ZHH VMWW\R  HYHDY QR
GUIHHQFH Z W WH RWLQDO0 $5 &150 &0 H SHUP HQW,WFDQ EH H SOIQHG E\ \WH
@U HU LOFUHDVH 1Q P HOVFRP SDLHG \R WDIQ DQG WHQ WH SUHGRP LODQWHIHPWRI P HOV
LQFUHDVH RQ WH DEHCR GHFUHDVH 7KLY VXJ J HVW WDWGL I HHQFHV 1Q @' XLG SUHFLSIMMRQ
FUDMG E\ FEBRXGV GR QRWIXUNHU VMHQIWHQ P HOVGLIHHQFHV DW®DWVIRU WH
SUFLSIVIMRQ DMV SIRMFWG B\ RXUGLIHIHOW) $5 H SHUP HOW

) LOD®  RXU SIRMPURQV DOR L@\WDM WH FRP SHWAYH HIHFWRI FABRXGV DV WH  FDQ
FRQWIEXWM VR WH VXUDFH DEHGR GHFUHDVH WIURXJ K LQFUHDVIQJ /' UDGIDWRQV EXVDOR
HOPWS: ' DQG WHQ SIRWPVWKH VXUDFH | RUDQRWHUVRXUFH RI LOFRP LQJ HQHU\  7KHU
QI OXHQFH RQ DEVRIEHG 6: ' P DIQD GHSHQGV RQ WH VXUDFH DEHGR EXWDOR RQ WH
DM DWZKIFK 6: ' 1V SURWFWG \R GHFUHDVH GXH \R DQ LOFUHDVH 1Q && DQGRU&2'
FIMSEIQEQY  ° ,Q ZDWP HUFQP DMV DIWU FERXGV FRX@ EH P RUH UH GFWYH
WDQ WH LFH FRYHUHG VXUDFH DV VXP P HU VXUDFH DEHGR LV SURMFWG \R GHFUHDVH
7KHVH Z DUP HU FRQGIMRQV FRX@ LHYHWH WH VXP P HU FGRXG WDGIDWYH H I HFWUHGXFLQY
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4. Are the melt differences really due to clouds?

If I am not mistaken, the only forcing parameters from the ESMs that directly influence cloud
phase and fractions are temperature and specific humidity. Hence, the results of this study
mainly highlight the different equilibrium states of MAR given a set of forcing conditions, as
you state in Section 3.2.1. Then, it is not completely clear to what extent the results are
related to the actual cloud physics, or just to a different climate state that corresponds with a
different cloud setup, including influences of other internal feedbacks you are not discussing.
I would like to see some more discussion about this and the fact that the results you present
are not due to differences in model physics, but due to differences in forcing conditions.
What cloud differences do we see in the forcing ESMs themselves? Are they similar or does
MAR really change the cloud behaviour?

All our experiments were done using the exact same MAR physics meaning the use of the
same common set-ups for the cloud and radiative schemes in all the experiments. Since we
only changed the boundary conditions (specific humidity, temperature, wind, pressure, SST



and SIC), all discussed differences (ie, melt, fluxes or cloud particle contents) results from
different responses of MAR to the forcing ESMs. We indeed “highlight the different
equilibrium states of MAR given a set of forcing conditions” that explained the differences in
melt (ie more liquid clouds, more longwave, more melt). Since LWP tends to increase with
higher temperature, we have tried to carry out most of the analyses at common warming
rates to remove this influence (as we initially did for melt). For instance, we attributed the
larger melt increase in MAR forced by CNRM-CM®6-1 to more liquid clouds at the end of the
century compared to MAR forced by CESM2. The different future clouds result from different
“equilibrium states” (or physical response) in MAR themselves resulting from a combination
of vertical temperature and humidity changes as explained L248-261, Fig5 and Table S2.

(a) hus (p=850.0hPa) change (ACCESS1.3) (b) hus (p=850.0hPa) change (CESM2)
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Fig R11: Humidity change (kg kg-1) at 850hPa projected by the ESMs over
2071-2100 compared to 1981-2010. The red box corresponds to the MAR domain.
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To further illustrate the differences in humidity suggested by Fig. 5, we have compared the
humidity change at 850 hPa (Fig. R11) and 500 hPa (Fig. R12) projected by the ESMs over
2071-2100 compared to 1981-2010. All the ESMs suggest an increase in humidity at both
levels that is strongly determined by their warming (as per the Clausius-Clapeyron relation).
NorESM1-M then suggests the lowest increase and CNRM-CM6-1 and CESM2 the highest
ones. As already revealed by Fig. 5, CESM2 simulates a larger increase at 500 hPa than
CNRM-CM6-1 (Fig Rx) while CNRM-CM®6-1 simulates a larger increase at 850 hPa. These
differences are relatively uniform around the boundaries of MAR, except near the Kerguelen
Islands where CESM2 projects an increase in humidity at 850hPa higher than
CNRM-CM6-1. We therefore think Fig. 5 is representative of humidity changes even if it
shows average values and suggest adding these new maps in the Supplement to support
the analysis and change L254:

At the lateral boundaries, the CESM2 experiment reveals a future stronger increase in
specific humidity above 2000~\unit{m asl} than the CNRM-CM6-1 one. The pattern is



opposite below 2000~\unitfm asl} where the future CNRM-CM6-1 atmosphere is
characterised by stronger low-level humidity advection (Fig.~\ref{veticalqqp}a).

To

At the lateral boundaries, the CESMZ2 experiment reveals a future stronger increase in
specific humidity above 2000~\unit{m asl} than the CNRM-CM®6-1 one. The pattern is
opposite below 2000~\unitfm asl} where the future CNRM-CM6-1 atmosphere is
characterised by stronger low-level humidity advection (Fig.~\ref{veticalqqp}a).
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Fig R12 Humidity change (kg kg-1) at 500hPa projected by the ESMs over
2071-2100 compared to 1981-2010. The red box corresponds to the MAR domain.
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Concerning the ESM clouds, unfortunately we did not download these ESM outputs from the
ESGF nodes and the CESM2 version (and ensemble) we used is no longer available on the
nodes (last access: 17/12/2021) so we cannot answer if the higher increase in liquid clouds
are only simulated by MAR forced by CNRM-CM6-1, but we are confident that it should be
similar in the ESM considering the patterns in humidity changes in the ESM themselves (Fig
R11 and Fig R12).

5. In other studies such as King et al., 2015 or specific ESM intercomparison studies,
differences in clouds are really due to differences in model physics which strengthen the
case that the cloud representation in climate models should be improved, but that is not the
case in this study. Your concluding remark: “...our study stresses the need to improve cloud
representation in climate models to better constrain SLR projections” therefore does not
really relate to the results of this study.



Our intention is to highlight that since clouds can lead to large uncertainties and melt
spreads for a similar warming (while melt amounts are often linked with temperature
changes (Trussel et al., 2015; Donat-Magnin et al., 2021; Kittel et al., 2021)), it is important
to improve them to reduce the uncertainties. We suggest to remind here MAR biases in the
representation of liquid clouds and change the conclusion accordingly.

While MAR projections reveal significant melt differences using different ESM forcings
\citep{kittel2021,gilbert2021}, we emphasise here that none of these projections is more
plausible than any other and that the purpose of this study is, on the contrary, to highlight the
physical factors that can lead to large uncertainties in Antarctic melt projections. The
warming projected by the ESM forcing is the main factor controlling absolute melt
differences, but we suggest that clouds and their phase are important factors contributing to
the spread in melt and by extension surface mass balance projections of the AIS for the
same warming rate. Furthermore, a recent study with MAR \citep{Letoumelin2020} has
revealed significant changes in LWD due to drifting snow, a process not modelled in our
study, suggesting that drifting snow could further contribute to the spread in melt projections.
While climate models (including MAR) tend to poorly simulate clouds over the present
\citep{Gallee2010, king2015, silber2019, gilbert2020, Mattingly2020, Mulmenstadt2021}, our
study stresses the need to improve cloud representation in climate models to better
constrain SLR projections.

to

While MAR projections reveal significant melt differences using different ESM forcings

\citep{kittel2021,gilbert2021}, we emphasise here that none of these projections is more

plausible than any other and that the purpose of this study is, on the contrary, to highlight the

physical factors that can lead to large uncertainties in Antarctic melt projections. The

warming projected by the ESM forcing is the main factor controlling absolute melt
differences, but we suggest that clouds and their phase as simulated in MAR are important
factors contributing to the spread in melt and by extension surface mass balance projections

of the AIS for the same warming rate. Recent studies with MAR \citep{Letoumelin2020,

Hofer2021} have revealed significant changes in LWD due to drifting snow, a process not
modelled in our study, suggesting that drifting snow could further contribute to the spread in

melt projections. ) XUMKHP RWH 0 $5 VHHP V \R XQGHHWP DM WH SIHVHQWXP P HU/ @ 3
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Minor comments

P1110-12: What do you mean by “increasing melt differences”? Do liquid containing clouds
increase the melt differences, or do you mean something else? Please rephrase.

We suggest to replace:

By increasing melt differences over the ice shelves in the next decades, liquid-containing
clouds could be a major source of uncertainties related to the future Antarctic contribution to
sea level rise.



by

6 LOFH @I X1IG FROMIQQI FARXGV DIH SIRMFWG R LOFUHDVH WH P HOWSUHDG DVWRFIDWMG
ZIW D JLYHQ ZDWP LQJ UDWM they could be a major source of uncertainties related to the
future Antarctic contribution to sea level rise.

P2I17: If you emphasise surface albedo, you should also note the effects of snowfall and
fresh snow albedo due to differences in cloud(cover)
See our response to major comments #3.

P2136: “Bright surfaces”. Why does this matter? You do not come back to this
We suggest to remove and keep:
Quantifying the influence of clouds on the SEB remains challenging over high latitudes.

P2136-44: This paragraph is not logically arranged. You note the lack of observations but you
do not repeat this and why do high ECSs matter? Try to rephrase and shorten this
paragraph.

This paragraph has been modified, see our response to major comments #1

P2143: The term RCM should be introduced here, after you did introduce the ESMs. And how
is an ESM not polar oriented, and a high-resolution model is polar oriented?

This paragraph has been modified, see our response to major comments #1. Concerning the
“ESM not polar oriented and high-resolution model”, this sentence was probably unclear and
we thank the reviewer for the remark. It was removed when the paragraph has been
rewritten.

P2L61-62: “correctly represents present Antarctic surface melt” -> “present-day” and this
should be much shown in much more detail. Compensating errors might result in a correct
modelling of surface melt production, but a more comprehensive study should be done. For
instance: if the compensating errors are due to compensating clear-sky and cloudy
conditions, your results will be hard to believe. Try to show that the contemporary
contribution of cloud radiative feedback to the surface melt is accurately modelled.

We modified “present” as you suggest. Despite we think a more comprehensive study about
MAR present-day melt is not the subject of this manuscript, we refer to our response to
major comments #1 for the evaluation. To our knowledge, there is no way enabling the
assessment of cloud radiative feedback to the surface melt, especially in the observations.

P3I63: “compensating errors” is too vague. Just leave this sentence as “This suggests a
correct representation of the SEB, but....”

See #R2 ‘s comment who approved this passage. We suggest to conciliate both comments
and change accordingly:

This suggests a satisfactory representation of the SEB through compensating turbulent
fluxes and in general compensating errors whose impacts on the future SEB and melt is
difficult to assess.

P3L64-66: “the projected spread in melt” comes out of the blue; can you introduce this in
more detail as it is the focus of this manuscript?



This is now better explained in the introduction, see our response to #R1.1

P5L126: You average over the ESMs as well? This is not completely clear.
Thanks for pointing out this unclear sentence. We suggest to replace:

The reference (present) period for computing the anomalies in this study is taken as the
summer (December-January-February, DJF) average from 1981 to 2010 for MAR over ice
shelves (melt, SEB components, cloud amount and properties, surface albedo) and ESMs
over the Antarctic region, i.e 90°S--60°S (near-surface warming).

By

The reference (present) period for computing the anomalies in this study is taken as the
summer (December-January-February, DJF) average from 1981 to 2010 for MAR over ice
shelves (melt, SEB components, cloud amount and properties, surface albedo) ,QWHVDP H
ZD\ ZH CHIH WH (60 ZDWPLQI DV WH PHDQ FKDQIHV 1Q WH VXPPHU ' -)
QHDUVXUDFH WP SHDWWHY RYHU WH $ QWRUFWE WIHIIRQ LH /6 f6  QHDUVXUDFH
ZDWP Q) FRP SDIHG\R

P5L132: Why are you using cumulative numbers? Either convert them into SLR equivalents,
or just use the climatological averages in mmWE or Gt...These very large numbers are hard
to interpret and P5L138: Same as above but now with cumulative fluxes. How to interpret a
cumulative flux of 443.7 W?

We use cumulative numbers as they highlight the total melt production over a century.
Converting melt into SLR equivalents would be equivalent but physically incorrect as 1)
thickness variations of the ice shelves do not contribute to SLR 2) surface melt water could
refreeze and is then different from runoff. In the same way, we use cumulative fluxes as they
represent the absorbed energy over the same period. We think it is more coherent, but
depending on the Reviewers’ and Editor’s opinions, we could use averaged fluxes. Note that
Fig1 will be modified accordingly our response #R1.2

P7L153: Some latex errors here?
Thanks, it is now corrected.

P7L156-159: Sensible heat can be a very local effect and might be smoothed out by your
choice of presenting Antarctica wide averages. Your results might be dominated by the
Antarctic Peninsula, which has the largest melt rates by far. It would be interesting to add a
bit more regional studies to this study and grasp whether the LWN/SWN — melt correlation is
consistent and homogenous across the continent.

We indeed found a strong contribution of sensible heat over the Peninsula in the averaged
values. See our response to major comments #2.

P8L185-190: Why so many supplementary Figures referenced? If you need them in the main
manuscript, use them! TC has no figure limit, and they can easily be added as an additional
column in Fig.2 as well. (this argument holds for all other references of supplementary
figures in the rest of the paper).

We think our supplement respects TC requirements and we prefer to not break our
argumentation with technical details: "In no case can supplementary material contain



scientific interpretations or findings that would go beyond the contents of the manuscript."
"technical or theoretical developments that do not need to be included in the main text
should be included as appendices". Most mentions related to Figures in the Supplement
could have been “No shown” but we wanted to remove potential doubts (they are only called
once and only support one sentence). We will however replace the improved version of Fig.
S4 and S5 (see major comments #2) in the main manuscript. We will follow the Editor's
opinion.

P10L217: Sentence is unclear. | do not see the value 0.7 reached and surely not by
2040-2060.

This is indeed a mistake, thanks for pointing it out. This paragraph has been removed
according to our response to reviewer#2.

P12L260: What is the effect of rain? Should you add this to the melt flux? As this is very
important for surface albedo. (and more..)
See our response to major comments #3.

P12L264: Again, please consider the effects of precip (snow and rain) on the surface albedo
See our response to major comments #3.

P12L268: Isn’t this strong increase in CNRM-CRG6 (not also) explained by the larger amounts
of liquid precipitation?
See our response to major comments #3.

P13L274: Again, | think the influence of precipitation changes should not be passed
See our response to major comments #3.

Figures:

Figure 1: What is the colorbar for 1b, and what is the orange colouring we see?

We apologise for the missing information and thank the reviewer. The colorbar was the ice
shelf fraction as defined in MAR. Figure 1b will be removed, see our response to major
comments #2

Figure 2: What is happening with CC in CNRM from 2060 onwards?

The low-level humidity advection in this experiment favours the formation of low-level clouds
with a high COD (ie, high liquid content and relatively warm) and high cloud cover (which are
stratocumulus clouds at these latitudes). This increase is particularly noticeable on the large
ice shelves (Ross and Ronne). See our response to major comments #2.

Figure 4-6: Isn’t there a way to combine these plots (and make room for some of the
supplementary figures to be included in the main?)
We will change Figure 4 and 6 according to our response to major comments #2
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