Please find below the referees comments (in black) and our answers (in blue).

Anonymous Referee #1

The article presents a feedback atmospheric process following the decrease in sea ice
concentration. The feedback begins with the change in seaice concentration, followed by the
surface energy balance change that changes cloud condition, then back to the surface energy
balance. The feedback process presented in this paper roughly halves the direct consequence
of the sea ice reduction, through cloud radiative effect. The article is an important contribution
for evaluating the consequence of the on-going sea ice reduction, in a more realistic way than
so far published works.

We thank the reviewer for her (his) positive comments.

For improving the realiability of presented numericals and also for easier readability by the
workers in other fields however, minor alterations are suggested as listed below:
Scientific aspect:

1) The recgnition of clouds is akey point of this work. It is necessary to present how the CERES
evaluation recognises the clouds. There are manuals stating this process, but a brief summary
of the process in one paragraph will help readers.

Additional discussion and references to the cloud retrieval techniques are provided in Section
2.1.

2) Surface fluxes, whether through satellites or model computations, are subject to errors that
are often large. The quoted papers in the reference list do not satisfy this test. This reviewer
recommends the authors to make a point-by-ponit comparison with the first-class ground
observations. The sites, Ny-Alesund, Barrow, Alert and Resolute have Ilong-standing
observations of high quality irradiances for the Arctic. Similarly, Neumeyer, Syowa and South-
Pole offers high quality irradiances with additional cloud information. The data are available
at BSRN Centre at AWI, Bremerhafen.

Thank you for this comment. We also agree that the determination of radiative surface fluxes
using satellite data is a challenge prospect. The CERES science team has spent much of the
last 20 years analysing and refining these data. The requested comparisons have been
undertaken and published by the CERES Science Team (e.g., Kato et al. 2018). Kato et al.
(2018) compared the CERES surface EBAF Ed 4 monthly mean surface radiative fluxes with
46 buoys and 36 land sites, including the high-quality sites in the Arctic (e.g, Ny-Alesund,
Barrow, Alert, and Resolute). The uncertainty estimates for individual surface radiative flux
terms in the Arctic range from 12-16 W m? (1o) at the monthly mean 1°x°1 gridded scale.
Moreover, previous studies have stated that the CERES SFC EBAF fluxes are as a key
benchmark for evaluating the Arctic surface radiation budget (Boeke et al. 2016; Christensen
et al. 2016; Duncan et al. 2020). This discussion is now included in the text.

References:

Kato, S. and coauthors, 2018: Surface Irradiances of Edition 4.0 Clouds and the Earth’s Radiant
Energy System (CERES) Energy Balanced and Filled (EBAF) Data Product. J. Climate, 31,
4501-4527, doi: 10.1175/JCLI-D-17-0523.1.



Boeke, R. C. and P. C. Taylor, 2016: Evaluation of the Arctic surface radiation budget in
CMIPS5 models. J. Geophys. Res., 121, 8525-8548, doi: 10.1002/2016JD025099.

Christensen, M., A. Behrangi, T. L’Ecuyer, N. Wood, M. Lebsock, and G. Stephens (2016),
Arctic observation and reanalysis integrated system: A new data product for validation and
climate study, Bull. Am. Meteorol. Soc., doi:10.1175/BAMS-D-14-00273.1.

Duncan, B. N.,Ott, L. E., Abshire, J. B., Brucker, L., Carrol, M. L., Carton, J. and
coauthors, 2020: Space-based observations for understanding changes in the arctic-boreal
zone. Reviews of Geophysics, 58, €2019RG000652. https://doi.org/10.1029/2019R GO00652

Presentation and minor typological comments: P2, L 63 and elsewhere: It is necessary
to provide the full names of ACRONY Ms at their first appearences, e.g., CMIP on this
page and P3 L 75 EBAF. P 3,

OK, done see lines 72-74 and 85.

Figure 1: To be consistent with the text, Swcre and Lwcre should read SWere and LWere.
OK, done see Figure 1.

P4, L 98: The quoted publication, Kato et al. (2013) barely offers the information on the
accuracy of irradiances, nor any of the authors are experienced with radiation science.

Additional references describing and analysing the CERES SFC EBAF data have been added
to the manuscript along with a more detailed description of the surface radiative flux
uncertainty, also see previous response. The reviewer should also know that the author List
includes a member of the CERES Science Team experienced with radiation science. See
section 2.1.

P6, L 149: This sentence appears incomplete, or some words may have gone lost.
P12, L223-224: This sentence is difficult to understand.

P14, L 310: "half if induced by" may read "half is induced by".

P15, L 317: "should aim to reduce" may read better when "should aim at reducing".
P18, L 390: Too many authors presented. This paper was written by four authors only.
Ok, done. Thanks

These are, however a minor comments, and this reviewer hopes that the authors will work for
the quickest publication of this interesting work.
We thank the reviewer for his constructive comments that allows us to improve he manuscript.

Please find below the referee comments (in black) and our answers (in blue).

Anonymous Referee #2

The study investigates the correlation and covariation between cloud radiative effect
(CRE) and sea ice in the Arctic and Antarctic using satellite and climate model data.
It is found that clouds play a significant role in damping the net change in radiation
absorbed at the surface as a result of sea ice changes.

It is an interesting study, but [ have issues with the interpretation and the manuscript
is not particularly well written. There are language issues that need to be worked on


https://doi.org/10.1029/2019RG000652

and the methodology and logical steps need to be explained better. The results are
nteresting and potentially of some importance for our interpretation of the ensemble
spread in polar climate responses in the CMIP-archives. While I do not think many new
analyses are needed, I do fear that some of the interpretations are to bold and need

to be moderated. Therefore, I cannot advise to accept without major revisions of the
manuscript.

Major points

You write in the abstract that “years with less sea ice and a larger net surface radiative flux are
also those that show an increase in sunlight reflected back to space by clouds.” I am not
convinced that this is, in fact, what you find. I would rather say that they are the years with a
larger CRE. This is not the same, since as you point out when discussing mechanism (I) in
L157 onwards: Even if cloud properties are held constant, the CRE can change due to the
changes in clear-sky radiation induced by changes in sea ice decline and surface albedo. When
surface albedo is lowered, more of the sunlight passing through the atmosphere is absorbed at
the surface resulting in greater SW_total. But SW_clear increases even more since the lower
albedo allows a larger fraction of the extra downwelling SW at the surface to be absorbed. This
means that the quantity SW_cre = SW_total — SW_clear is decreased even in the absence of
cloud changes — a purely surface-related effect.

I believe the above quoted statement ignores this; a point which is reflected in the next sentence:
“An increase in absorbed solar radiation when sea ice retreats (surface albedo change) explains
66 + 2% of the observed signal”. As I understand your analyses, these 66% are exactly this
surface-only effect. So the “observed signal” referred to in this sentence is the signal in CRE
and not in “sunlight reflected back to space by clouds” as the previous sentence suggests.

We strongly agree with the reviewer. As noted by the reviewer, we state in the manuscript that
surface albedo changes candrive substantial change in the cloud radiative effect and that such
a change can occur in the absence of a change in cloud properties. Through the initial writing
of the manuscript we went great lengths to try to unsure that this interpretation was clear.
However, it is clear that we have missed a few statements. This point is extremely important,
as it can change our interpretation, yet nuanced at the same time. We have gone through the
manuscript to correctall instances of this. As she (he) suggested, we replaced “an increase in
sunlight reflected back to space by clouds” by “larger cloud radiative effect” see line 25.

I believe this is not just a matter of wording. I think it really is an important part of how the
results are interpreted and served to the reader. I will therefore give more examples where this
distinction is not made clearly enough throughout the manuscript:

L187: “We estimate that the cloud changes in the Antarctic system are damping by 56% .. .”.
Here, “cloud changes” should be replaced by “the existence of clouds and the changes therein”
or something to that effect, since as [ understand it, the existence accounts for two thirds of the
effect and the changes for only one third. Right?

We agree that this is an important point and does change the interpretation of the results aswell
as the implications of the manuscript. We have tried to make this point clear by rewriting the
abstract as to highlight this point.

From lines 28-32: “Thus, present-day cloud properties significantly reduce the net radiative
impact of seaice loss on the Arctic and Antarctic surface radiation budgets. As a result, climate
models must accurately represent present-day polar cloud properties in order to capture the
surface radiation budget impact of polar sea ice loss and thus the surface albedo feedback.”



In addition, the text in lines 263-265 specifically calls out “Thus, the observed negative
correlation between SWcre and SWsfc over the polar seas results from the larger effects of
process (I) than (II).” Also, as suggested by the reviewer “cloud changes” is replaced by “the
existence of clouds and their property variations” (see line 277).

L223: “polar sea ice and cloud covarying in a way that substantially reduces the overall impact
of the sea ice loss”. Again, as far as I can see, only a third of the effectis due to the covariance.
Two thirds is just due to clouds being present.

Ok, done. This sentence is replaced by “the results suggest clouds substantially reduce the

impact of sea ice loss on the surface radiation budget and thus the observed sea the sea ice
albedo feedback” see lines 314-315.

L2457 We argue that the strong increase of SWcre under decreased sea ice observed
during summer is induced by larger values of cloud optical depth (Fig. 7a)”. Again,
what about process (I)?

Ok, done “SWecre” is replaced by “SWcreCloud”, see line 339.

L309 (conclusion): “Satellite data indicates that the increased cloud cover/thickness
correlates with sea ice melting, reducing by half the potential increase of net radiation
at the surface”. I think your results show that, only 33% of the by-half-reduction is due
to changed clouds, while the remaining 66% is due to the mere presence of clouds.

In the new version of the manuscript, the words “Cloud cover/thickness” are replaced by “cloud
radiative effect”. See line 408.

Minor points

L37 Introduction: You should look mnto the results of Qu and Hall (2006, JClimate) who
in their figure 6a illustrate that across a climate model ensemble, planetary albedo
variations resulting from surface albedo variations are muted by half. While this study
focused on terrestrial albedo variations due to snow changes, the point is the same:

The mere existence of clouds damp the TOA effect of surface albedo variations. This

is similar enough to your findings that they ought to be discussed in the context of your
results. Either in the intro, discussion or conclusions.

This reference is included in the in the new version of the manuscript in the discussion when
discussing the TOA dampening effect (see lines 317-319). During the review of this
manuscript, we became aware of a recent paper by Sledd and L’Ecuyer (2019). This paper uses
reanalysis output to quantify the “masking” or damping effect of clouds on the radiative effect
of surface albedo variability. There result corroborates our result arguing that clouds damp the
effect of surface albedo variability on top-of-atmosphere albedo (reflected shortwave flux) by
half. This reference has also been added to the manuscript (see lines 319-321).

Reference:



Sledd and L’Ecuyer, 2019: How Much Do Clouds Mask the Impacts of Arctic Sea Ice and
Snow Cover Variations? Different Perspectives from Observations and Reanalyses.
https://www.mdpi.com/2073-4433/10/1/12/htm#B28-atmosphere-10-00012

Figure 1: In the equations below panel b, I believe you have ordered the terms on the
RHS wrong: Shouldn’t it be SWtotal-SWclear, and LWtotal-LWclear?

Ok, done see new figure 1.

L72 “Methods and data”: As this section is currently, you talk a lot about the data but

not really about the methods you will use. Then you go directly to the “Results and
discussions” section which is difficult to read because the entire methodology is left in

the supplement. [believe your statistical methods and your plots are so non-standard,

and not least completely central to your analyses and conclusions, that they should be
lifted from the supplement and into the “Methods and data section.

Ok, methods are moved from supplementary to Methods and data (see section 2.7 and 2.8).

L78-80: You need to explain the sign convention of the fluxes explicitly. I assume all
fluxes are taken positive downwards, but it does not say so anywhere and while Figure
1 does say, for instance, LWclear at the end of a red arrow, this does not explain the
sign convention. If anything, it is a bit confusing since this makes it look as if the LW’s
are taken positive upward.

Ok, done (see lines 81 and 106-107).

Figure 3: How are the models ordered? Not alphabetically, it seems.
The models are ordered alphabetically in the new version of the manuscript (see actual figure
4).

L157: Mechanism (I) is really important to the paper (as discussed above). Given this
major importance, the explanation of the mechanism is not clear enough, so that all
readers understand it. It becomes too easy for the reader to misunderstand it and think
that is actually has something to do with the clouds when it really is a surface-only
phenomenon. Please restructure the paragraph explaining mechanisms I and II such
that you give yourself room enough to do it properly. Also, you have made the nice
schematic in Figure 1. Use this and point to it in your explanations.

Ok done, see lines 242-252.

L164-166: This sentence assumes the reader is familiar with how to read Fig 4, something we
are not until we have read the supplement. Lifting this into Section 2 would help a lot —but at
least be clear and tell the reader that the supplement is, in fact, a prerequisite for understanding
the entire paper.

In the new version of the manuscript we moved the method section from the supplement to the
Method and data section 2.7. We also referred to this section in lines 255, 293, 305 and 363.

L183-184: Units on the equations?
Ok done, see lines 271-272.

L190-191: Here you just add the errors but I am unsure whether you shouldn’t, in fact,
be adding them in quadrature. This, of course, depends on whether you believe the


https://www.mdpi.com/2073-4433/10/1/12/htm#B28-atmosphere-10-00012

errors to be correlated or not. Please consider this carefully.
Ok, done, see line 280.

Figure 7: Is the data (or the methodology behind it) in this figure taken directly from

Taylor etal? Ifso, please say so. Otherwise, the reader searches this paper for details

n vain.

Ok done see lines 96-100 and 363, data from CERES and method as described in section 2.7.

L294/Figure 8gh: You do not discuss the red cross in Figure 8 gh. Why then show it?
If you have a point with this information, you need to discuss it in the text. Otherwise,
remove it from the figure.

New sentence “We also note that from the 32 models tested, only few show consistent trends
in both SWdown and SIC over 2001-2016 (Figure 9gh)” is included in the new version of the
manuscript (see lines 392-393).

L296: “This analysis suggests that the models showing a larger trend in cloud cover

also show larger decreases in sea-ice extent and clearly demonstrate the strong coupling of
these two variables.”: Yes, but do you propose anything in terms of causality

between the two? If not, you should be clear about this. Otherwise, the reader may try

and read between the lines here.

Ok, the sentence “However, the direction of causality between the two variables is unclear” is
included in the new version of the manuscript. See lines 391-392.

L316: “that show smaller trends in surface”. Shouldn’t this be larger trends? That is, at

least, what I get out of L295.

We agree, larger is the correct word. Thus, smaller is replaced by larger in the new version of
the manuscript. See line 414.

Figure 8: The time series are anomalies, but with respect to which period?
The anomalies in respect to the whole period. This is clearly stated in the new version of the
manuscript. See line 434.

Suppl. L54: optical depth.
This is moved to the main text, see line 195.

Suppl. L73: What are M and N? You do not seemto say so.
Ok done see lines 149 and 155.

Suppl L78: A _iis the total area of all grid cells with a particular SIC change, right?
Please explain this better.
To avoid a misunderstanding between i of year yi with the one used in equations, we replaced
1 n the equations by j.

?’:114 j is the total area of all grid cells with a particular SIC change. In case of 60% SIC
change with an increment of 10%, for example, Z?’zlAj =A1+A, + Az + AL+ A

Aqis the total area of all grid cells with SIC change from 60% to 0% in two consecutive years.
A,is the total area of all grid cells with SIC change from 70% to 10% .
Aj;is the total area of all grid cells with SIC change from 80% to 20%.



Ayis the total area of all grid cells with SIC change from 90% to 30%.
Aqis the total area of all grid cells with SIC change from 100% to 40%.

Actual figure 2 and line 158 explains this in better way than the old version.

Suppl L90: What is SX p?
As mentioned in previous lines 85-89 actual lines 169-174 “S” is the slope while Xp is the
relative change in sea ice concentration.

Language:

There are many examples of language that is not quite at an acceptable level. I cannot
list them all, but I urge you to have a native English-speaker go carefully through the
manuscript. Examples are

L 20: clouds ->cloud

L21: responding

L23: “manner of the” sounds weird. Please rephrase.

L45: determines

L58: Alternatively -> On the other hand

Ok, done. Thanks. Experienced scholarly writer P. C. Taylor who is native English-speakers
have edited this new version of the manuscript.

We thank the reviewer for the constructive comments that helped us to improve the manuscript.
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%h&eﬁefgﬁ%%ed—m—fessﬂ—&e#s—@iﬂya—?m&mﬁé&eeb—e&ﬂ%%lar radlat1on is the primary
energy source for the Earth system and provides the energy driving motions in the atmosphere and
ocean, the energy behind water phase changes, and for the energy stored in fossil fuels. Only a
fraction (Loeb et al., 2018) of the solar energy arriving to the top of the Earth atmosphere
(shortwave radiation, SW) is absorbed at the surface. Some of it is reflected back to space by
clouds and by the surface, while some is absorbed by the atmosphere. In parallel, the Earth’s
surface and the-atmosphere emit thermal energy back to space, called outgoing longwave (LW)
radiation{1"" ). resulting in a loss of energy (Fig. 1). The balance between these energy exchanges
determine—determines Farth’s present and future Earth’s—climate. Sueh—land-atmosphere
interactionsare T he change in this balance is particularly important- over the Arctic where summer
sea ice is retreatingat an acceleratedrate (Comiso et al., 2008), surface albedo is rapidly declining,
and surface temperaturesare rising at a rate double that of the global average (Cohen et al., 2014;
Graversen et al., 2008), possibh-impacting sub-polar ecosystems (Cheung et al., 2009; Post et al.,
2013) and possibly mid-latitude climate (Cohen et al., 2014; Cohen et al. 2019).

Cloud properties and their radiative effects exhibits significant uncertainty in the polar regions

(e.g., Curry etal. 1996; Kay and Gettelman 2009; Boeke and Taylor 2016; Kato et al. 2018). For
instance, climate models struggle to accurately simulate cloud cover, optical depth, and cloud
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phase (Cesana et al., 2012; Komurcu et al., 2014; Kay et al. 2016). An accurate representation of
polar clouds is necessary because they strongly modulate radiative energy fluxes at the surface, in
the atmosphere,andat the T OA influencingthe evolution of the polar climate systems. In addition,
polar cloud properties interact with other properties of the polar climate systems (e.g., sea ice) and
influence how variability in these properties affects the surface energy budget (Qu and Hall 2006;
Kay and L’Ecuyer 2013; Sledd and L’Ecuyer 2019). Morevoer, Loeb et al. (2019) documented
severe limitations in the representation of surface albedo variations and their impact on the
observed radiation budget variability in reanalysis products, motivating the evaluation of radiation
budget variability over the polar seas in climate models. In this study, we use the Clouds and the
Earth’s Radiant Energy System (CERES) top-of-atmosphere (TOA) and surface (SFC) radiative
flux datasets and 32 Coupled Model Intercomparison Project (CMIP5) climate models to estimate
the relationship between the CRE and the surface radiation budget in polar regions to improve our
understanding of how clouds modulate the surface radiation budget.
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93  Figure 1 Schematic representation of radiative energy flows in_the polar seas under total sky
94  conditions(a, ¢) and clear sky conditions (b, d) for two contrasting surface conditions: without sea
| 95 ice (a, b) andwith sea ice (c, d). All fluxes are taken positive downwards.
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2. Methods and data

In addition to radiative fluxes, cloud cover fraction (CCF) and cloud optical depth (COD) data
available from CERES EBAF data are used. Monthly mean CCF and COD data are derived from
instantaneous cloud retrievals using the Moderate-resolution Imaging Spectroradiometer
(MODIS) radiances (Trepte et al. 2019). Instantaneous retrievals are then are spatially and
temporally averaged onto the 1°x1° monthly mean grid consistent with CERES EBAF.

2.2 Cloud Radiative Effect: CRE is used as a metric to assess the radiative impact of clouds on
the climate system, defined as the difference in net irradiance at TOA between total-sky and clear-
sky conditions. Using the CERES Energy Balanced And Filled (EBAF) Ed4.0 (Loebet al., 2018)
flux measurements and CMIP5 simulated fluxes, CRE is calculated by taking the difference
between clear-sky and total-sky net irradiance flux at the TOA. All fluxes are taken as positive
downwards.

SWere=SWiotal — SWelear D
LWee=LWiotal — LWlear 2)
NET :e=SW¢re + LWepe 3)

R X comineS l . : § i .
gttt
SWt=SWdown— SWup 4)
LWt=LWgown — LWyp (5)
NETx=SWy + LW 6)

2.5 Polar seas: We defineddefine the polar seas as theseasocean regions where we-ebservedthe
monthly sea-ice-conecentrationSIC is larger than 10% at least one month during 2001-2016 period.
Polar seas extent is shown in Figure SI.
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2.6 CMIP5 Models T o reconstruct the historical CRE andsurface energy and their
future changes, we used an ensemble of simulationsconducted with32 models(i moceks

are shown in Figure 3 and S3) contributing to the Coupled Model Intercomparison Project
Phase 5 (CMIP5) (Taylor et al., 2012). These model experiments provided: historical runs (1850-

2005) in which all external forcings observations and future nuns (2006-2100)
RCP8.5 emission scenarios(T ayloretal.,2012). The comparison with the satellite data
ismade over 20012016 historical ns2001-2005 with 520062016.

2.7 Estimation of the local variations in radiative flux, cloud cover, and cloud optical depth
concurrent with changes inseaice concentration

This study employs a novel method for quantifying the variationsin radiative fluxes and cloud
properties with SIC. This methodology leverages inter-annual variability of sea ice cover to assess
these relationships. Figure 2 schematically shows the methodology based on the following steps.
We use SW as an example and apply the approach in the same way to other variables.

1) ASW; values are summarized in a schematized plot (Figure 2a) where each cell j in such plot
shows the average ASW,, observed for all possible combinations of SIC at a grid box between two
consecutive observation years (year yi and yi+1 from time period 2001-2016) displayed on the X
and Y axes, respectively. Forthe sake of clarity in Figure 2 the X and Y axesreport SIC in intervals
0f 10%, while in Figure 5, 6, 7, S5 and S6 the axes are discretized with 2% bins.

2) Because oftheregular latitude/longitude grid used in the analysis, the area of the grid cells (a,,)
varies with the latitude. The energy signal (4SW;) is therefore computed as an area weighted
average (Equation 7) where M is the number of grid cells that are used to compute cell j in the
schematised plot Fig 2a. Figure 2b shows the total area of all these grid cells as described by
Equation 8.

M
ASVV] — 2Tn=1('117‘I.ASVVTI'L (7)

Z%=1am

Aj =Ty G ®)

3) Calculation of the area weighted average (4SW,) of the energy signal of all N cells with the
same fraction X ofa change in SIC (shown with the same colour in Figure 2a) Equation 9.

N
_ Zj=1A1'ASW]'

asw, = =5 ©)

ZleA]- is the total area of all grid cells with a particular SIC change.

ASW, is the energy weighted average of all grid cells with a particular SIC change.
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Figure 2 Schematic representation of the methodology used to quantify the energy flux sensitivity
to changes in sea ice concentration as a linear regression between the percentage of sea ice
concentration and the variation in energy flux (right panel) using SW energy flux data and sea ice
concentration defined in the left panels.

The average energy signals (ASW,,) per class of sea ice concentration change are reported in a
scatterplot (Fig. 2 right panel) and used to estimate a regression line with zero intercept.

The slope S of this linear regression represents the local SW energy signal generated by the
complete sea ice melting ofa 1° grid cell. The weighted root mean square error (WRMSE) of the
slope is estimated by Equation 10, where p represents one of the NP pointsin the scatterplot (Fig.
2 right panel) and X;, is the relative change in sea ice concentration in the range +1 (equivalent to

+100% of sea ice cover change).

WRMSE = . where A, =XV, 4 (10)
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2.8 Diagnosis of contributions to SWcre

SWcre at the surface for the year yi (Eq. 11) and yearyi+l (Eq. 12)is function of surface albedo
a, SWdown under clear sky conditions (SW !.;.) and SWdown under total sky conditions
(SW Lot).

SWC‘reyi = (1 - ayi) (SW ’Ltot,yi —Sw lclr,yi) (11)

SWWeyHl = (1 — Ayitq )(SW ltat,yi+1 -sw lcl'r,yi+1) (12)

Using the first-order Taylor series expansion to (11) yields
ASWerey; 44

—yi

(=Adtyirs—y) SW Lioryi =SW iy + (1= @) Byigr —yi( SW Lpoe =SW Ley)  (13)

Where
Ayi+1—yi(SI/V ltot 4 lclr) = (SW l1.“ot,yi+1 4 ‘Lclr,yi+1) - (SW ’Ltot,yi 4 ’]’clr,yi) (14)

Separating the termsyields,
ASWerey 5 = (_Aayi+1 —yi) sw ltat,yi —-Sw ‘Lclr,yi) (15)

Where ASWcre,, 5 is the part of SWcre change that is induced by the change in surface albedo.

ASVVcrecloud = (1 - ayi)AyHl—yi(SW ’Ltot —Sw lclr) (16)

Where ASWcre 4 is the part of SWere change that is induced by the changein cloud cover and cloud
optical depth.

ASWereyiqq —y; = ASWerey g + ASWere gyq (17).

The above equations are used in figure 7 and S5.

3. Results and discussions

3.1 Negative correlation patterns between cloud radiative effect and surface radiation on
polar seas

Given the cloud influence on the surface radiative budget, a positive correlation between
T OA; CRE andsurface radiative budget is expected (theamountof aleorbedradiation at the arface
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CERES TOA flux data from 2001 70 6 However our analy3|s revealsthe opposﬂe pattem over
the polar seas (defined in section 2.5) where the correlation is negative over the Antarctic and
partly negatlve over the Arctic (Bermg Strait, Hudson Bay, Barents Sea and the Canadlan

(Flg ;leeBcd) shovxs a sunﬂarﬁﬂ&em«patﬂ of conelatlonasbetwrethe NETue (Flg Q&b?ab) butthh a stronger
magnitude, while LWcre generally experienceshows the opposite correlations (Fig. 2e£3¢f). This
suggests that SW-sadiationthixes-the factors influencing SWere are responsible for the sharp

contrast betweenin the correlation found in the polar regions-and-therest-ettheworld.. Indeed,
SWsfc and SWcere (Fig. 2¢h3 gh) show the sharpest andmost significant contrast between the polar
regions and the rest of the world (Fig. S2 is similar to Fig—2. 3 but only significant
correlationcorrelations at the 95% confidence level are reported in blue and red colors). ©#
averageOverall, climate models are able to reproduce the spatial pattern of the observed SW
correlation, but also show a large inter-model spread econcerningin the spatial extent of the
phenomena (Fig. 24 and S3). On the other hand, several models completelyfail at-repreducingthis
fundamentalio reproduce the correlation.-tadeed; ACCESSL-3, MIROCS, CanESM2 and CSIRO-
Mk3-6-0 models shewsshow negative correlation over Antarctic continent in contrast to observed
positive correlation. Alse-semeSome models, like IPSL-CM5B-LR, GISS-E2-R and bce-csm1-1
completely fail to reproduce the observed negative correlation over the Southern Ocean. T his
suggests that these models#adecontain misrepresentationsof the relationships SWere and NET sfc
likely resulting from errors in simulating-the relationships between sea ice-extend, surface albedo,
cloud cover/thickness, and/er their relationshipsbetween-influence on surface radiative fhuxand
cloud-properties—whichfluxes that could severely impact their projections. Moreover, Fig. 4
demonstratesthat simple correlations between NET sfc and the individual radiation budget terms
represents a powerful metric for climate model evaluation allows for a quick check for realistic
surface radiation budget variability in polar regions.
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Correlation between NETsfc and NETcre

Figure 23 Correlation between TOA CRE and surface radiation budget terms over 2001-2016

from CERES measurements for the rnerthernhemisphereNorthern Hemisphere (aceg) and seuthers
hemisphereSouthern Hemisphere (bdth) polar sea. Fhe-pesitive-correlation{Positive correlations

shovin bythe redoolor)reansindicate thatthe yearswith esokeraaecles NET SC comncide with the yearswherecbuesplysNET e has
a merestronger cooling relectfect and vice versa.
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3.2 Effects of seaice concentration change

apparent between NET cre and NET sfc
foundin Fig is cauedhythe W Thiscanteexplinedby:

0] if cloud properties oondant

B G
the surface
be absorbed (
); (I1) On the other
hand, the relationship between cloud cover/thickness and sea ice cloudier Polar seas
under melting sea ice (Abeet al., 2016; Liu et al.,2012) thatthe

cooling effect is

enhanced concurrently with melting sea ice

Over the Antarctic seas, analysis of the year-to-year changesin

SWdown; stratified in 2% SIC retrieved from satellite
microwave radiometer measurements shows an increase in SWdown with
increased SIC and vice-versa (Fig. ). This that years with higher SIC
have fewer clouds (Liu et al., 2012) (Fig. 56), larger SWdown; and also

larger upward SW radiation (SWup) (Fig. to
albedo (Fig. 4

, these years show a SWsfc (Fig. ) and thus are
characterized by surface cooling. Furthermore, clouds reduction
of the cooling (less negative SWcre) as described above in process (I1),
this accounts for 1% the total change in SWcre, and as described in
process (I) the increase in the surface albedo also makes SWcre less negative and explains

2% of the observed change ( Fig.

the observed negative correlation between SWcre and SWsfc over the polar seas
the of ).

Similar results are found over the Arctic Ocean with slightly different sensitivity (Fig. S5, S6).
T his difference is tied to differences in sun angle/available sunlight, as Antarctic sea ice is
concentrated at lower latitudes than Arctic sea ice.

Using the regression relationships derived from our composite analysis, we estimate the

magnitude of the cloud effect. .For the Antarctic system, we use the numbers found in Figure

where we find at-the annual relationship between NET sfc and SIC
and NET cre and SIC

ANET sfe=(-36.61%0.72)ASIC (118)
ANET cre=(47.03%1.01)ASIC (219)
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excluding the CRE, the ANET sfc would be equal to (-36.61-47.03) ASIC =-83.64

ASIC.
We that the
are damping the potential increase in the
NET sfc due to the surface
albedo
calculated by summing the uncertainties shown in
equation (£18) and (219) asfollows: (0. +1. 83.64=2%.
Similarly, over the Arctic (Fig. S5), we the cloud
on the net radiative budget 47+3
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Figure 45 Annual changesin SW, LW and NET asfunction of SIC.- Annual changesin SW (top),
LW (middle) and NET (bottom) of radiative down (a), up (b), sfc=down-up (c) and cre (d) over
Antarctic seaas function of SIC change between two consecutive yearsyi.;andy; from2001-2016
time period. Thetop trianglesin (c top) refersto the increase (growing) in SIC while the blue color
means a reduction (cooling) in SWsfc. Whereas, the top trianglesin (d) refers to the increase in
SIC while the red color meansan increase (decreasing the cooling role of clouds) in SWcre. Each
dot in column (e) the average of one parallel to the diagonal in (c) or (d) as
described in the 2
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Figure 56 Seasonal and annual changes in cloud cover fraction (CCF) and cloud optical depth
COD) over the Antarctic sea as a function of SIC change between two consecutive
years yir; and y; from 2001-2016 time period. In order to use the same scale, COD has been
multiplied by a factor 10. The top triangles in the two first columns

ASIC

(growing) in SIC while the blue color meansa reduction in CCF or COD.
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Altogether results clouds
substantially the impact of the-sea ice loss the
sea ice
This effect in the polar climate system leads to a substantial reduction
(56+32% over the Antarctic and 47+3% over the Arctic) of the potential increase in NET sfc
sea ice loss.

Despite this mechanism, the sharp reduction in
surface albedo has the recent change in the surface radiative
budget and has led to a significant increase in NET sfc since 2001
These results demonstrate that the polar surface
radiative fluxes by in SIC andsurface albedo
and that
(i.e., a damping effect ). Our findings highlight the importance
of processes that control sea ice albedo (i.e. sea ice dynamics, snowfall, melt pond formation, and
the deposition of black carbon), as the surface albedo of the polar seas in regions of seasonal sea
ice is crucial for the climate dynamics.

3.3 Sensitivity of the surface energy budget to variability of seaice concentration

Our results are consistent with other recent studies
that demonstrate a CCF) response to reduced sea ice in
fall/winter but not in summer (Figure ) over the Arctic Ocean. The lack of a summer
cloud response to sea ice loss is explained by the prevailing air-sea temperature gradient
, where near surface air temperatures are frequently warmer than the surface temperature
Surface temperatures in regions of sea ice hover near
freezing due to the phase change, whereas the atmospheric temperatures are not constrained by the
freezing/melting point. reduced sea ice cover, strong increases in surface
evaporation (latent heat) are limited (Fig. ), as also suggested by the small trends in
surface evaporation ratederived from satellite-based estimates (Boisvert and Stroeve, 2015; Taylor
etal., 2018). We argue that the strong increase of under decreased sea ice
observed during summer is induced by values of
(Fig. ), which on the liquid or ice water
content. We also show that the relationships derived from our observation-driven analysis match
the projected changes in the Arctic and Antarctic surface energy budget in the median CMIP5
model ensemble (Fig. #8). However, large spread amongst climate models
indicates considerable

Analyzing the seasonal cycle of the sensitivity of the surface energy budget to SIC variability, we
found that SWsfc (SWcre) explains most of the observed changes in the NET sfc (NETcre) during
summer, while LWsfc plays a minor role (Fig. 78). In contrast, during winter LWsfc (LWcre)
explains most of the observed changesin the NET sfc (NET cre). In general, the median of the 32

16
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CMIPS5 (Taylor et al., 2012) climate models captures the observed sensitivity of the radiative
energy budget and cloud cover change to SIC but the spread between climate models is large,
We have to note here that, the numbers reported in

especially for

are for 100% SIC loss, while the onesreported in the previous figures (Fig. 4--5. 6 and
) are for 100% SIC gain the opposite sign
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Figure

during the period 2001-2016. This
the change of different parts of

energy

Monthly change in different terms of the radiative energy balance, cloud optlcal depth
(COD) and cloud cover fraction (CCF) extrapolated from
hypothetical 100% decrease in SIC over the areas where

for
SIC change

estimate came from the use of a linear interpolation of

in SIC coming from all possible combinations of
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month from 2001 to 2016 and for all for which SIC is larger than zero in one of
the two years are shown by solid lines (the standard
deviation of the slopesare also reported but are too small to be visible) while CMIP5 models are
shown by boxplot and the box (are in same color as observations) represents the first and third
quartiles (whiskers indicate the 99% confidence interval and black markersshow outliers). In order
to use the same scale, COD hasbeen multiplied by a factor 10.

3.4 Projections and uncertainties of cloud radiative effects on surface energy budget

the .5 scenario (a business as usual casey; {T aylor et

al., 2012), CMIP5 models show an increase in SWsfc over the Arctic Ocean (Fig.
with the expected large decrease in the SIC (Comiso et al., 2008; Serreze et al., 2007,
Stroeveetal.,2007). T hisincrease in SW sfc despite the relatively large, concurrent
and opposing change in cloud cooling effect (SWcre). Future fluxes (Fig. ) will
likely play a but non-negligible role on total energy budget by further increasing
NET sfc (Fig. and

NETcre. In addition, CMIP5 models clearly that by 2100, the magnitude of the
decrease in NET cre is slightly that the increase in NET sfc (Fig. ) over Arctic
Ocean. While the Antarctic the opposite (Fig. ). Thisisin
line with the estimated dampening effect of clouds coming from CERES over 2001-2016 that is
about 47+3%in the and 56+2% in the Antarctic.

Large uncertainties remain the decline rate of summer sea ice and the timing of the first
occurrence of a sea ice-free Arctic summer (Arzel et al., 2006; Zhang and Walsh, 2006). The
reason behind the large spread between climate models is still debated (Holland et al., 2017;

Simmonds, 2015; Turner et al., 2013). this , we exploredthe annual
Arctic and Antarctic sea-ice extent trend from 32 CMIP5 models and find
positive correlation with the simulated trend in the SWdown (Figure ). This analysis

suggests that the models showing a larger trend in cloud cover also show larger decreases in sea-
ice extent and

4. Conclusion

18
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The manuscript dealswithaddresses two eontroversialtepiesin-important climate science topics,
namely the role of clouds and the fate of polar sea ice. The work is fts-grounded e+in a long time
series of robust satellite observations that allowed us to document an important #egative feedback
damping effect in the polar eleudscloud-sea ice system- using a unique inter-annual approach. Our
results agree with several previous works that approachedthe problem from a different perspective
(Hartmann and Ceppi 2014; Sledd and L"Ecuyer 2019). In addition, we show how 32 state-of-the-
art climate models represent thisfeedbackaspects of the surface radiation budget over the polar
seas.

Our data-driven analysis shows that polar sea-ice and clouds interplay in a way that substantially
reduces the everatlimpact of the sea ice loss-—ta-simplewords—we on the surface radiation budget.
WL found that mt—h—me#mg—e#thewhcn sea ice %eee#mg—m%et—c—leﬂdscm er s erhomecd

- ss—reduced between two consecutive
years that the cloud radiative effect becomes more negative, damping the total change in the net
surface energy budget. The magnitude of this effect is 1mportant—satemtepe\rea+s Satelllte data
indicates that the #ereasednmore negative cloud :
istedueingby haliradiative effect red cesthe potential increase of net matme&rfaoe—l-haée&hshak-ﬂ Qgppmxnmlc&lmﬂ
One- thlrd of thIS Cloud 1ad1dt1vc cftcct chdn;_u is |nduced by the dlrect change In cloud

showlarger trendsin surface ireermingnet { solar rad radiation-{clewes). In order to Lnderstandcwrent and future climate
trajectorles, model developments should aim te%kedue(—le%t-at rcducm g unceltamtles n the repnesentatlon of

polar seas. Present- day Arctlc and Antarctic cloud properties 5trongly influence the model

simulated cloud damping effect on the radiative impacts of sea ice loss.

Future cloud dyramieschanges and sea ice trajectoriesevolution represent major uncertainties in
climate projections due to the multiple and-relevant pathways through which cloudiness and sea
ice feedsfeed back on the-Earth’s climate system (Solomon, S., D. Qin, M. Manning, Z. Chen, M.
Marquis, K.B. Averyt, 2007). Our evidence derived from Earth observations say-substantially
redueeprovides additional insight into the ureertaintyontheeovariationbetweencoupledradiative

impactsofpolarclouds and the changingsea ice cover (Fig. 7)-eonstrainfutured) that may provide
a useful constraint on model projections and ultimately improve theour understanding of present

and future polar climate. At the very least, our results demonstrate a simple correlation analysis
between the net surface radiation budget and individual radiation budget terms that can be used to
quickly evaluate climate models for realistic surface radiation budget variability in polar regions.
Ultimately, our #ndinefindings on the interplay between cloud and sea-_ice may support an
improvement in the model representation of the cloud-ice feedback a—mechanisminteractions,
mechanisms that may substantially affect the speed of the polar sea- ice retreat, which in turn has
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a broad impact on the climate system, on the Arctic environment and on potential economic
activitiesin the Arctic (Buixad¢ Farré et al., 2014).
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Figure 89 Time series of the anomaly of the radiative

flux . Mean modeled SWcre, LWcre and NET cre (blue) and surface
SWsfc, LWsfc and NET sfc (orange) anomalies over the 1850-2100 period under rcp8.5 scenario
averaged over the Arctic sea. The solid line shows the median, where the envelope represents the
25 and 75 percentile of the 32 CMIP5 models. T he linear regression (grey solid line and its 68%
(dark grey envelope) and 95% (light grey envelope) confidence interval) between: the trend in
SWdown and trend in sea ice extent (gand h); of the 32 CMIP5 climate models shown by grey
dotsover2001-2016. Theobservedtrendsare shown by red colorswhere confidence interval refers
to standard error of the trend.
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