Responses to referees comments

We thank anonymous referees for their constructive comments and helpful suggestions.

We have revised our manuscripts based on their comments. Main revision is that the results from
autocorrelation and lead/lag correlation analysis and the sensitivity experiments by atmospheric GCM
moved to the section 3.2. Also, according to the comment from referee2 that there is too much narrator-
like reporting of model output, we have revised many descriptions, mainly in the Result section, as
much as we can. Because of many changes according to that comment, we would like to omit some
detail of the changes in this letter. So, we would like to ask you to make sure of the changes in the
mark-up version of the revised manuscript.

We wrote responses to each referees’ comments below.

Referee’s comments are indicated in Italics and underscored, and then our answer follows immediately.

Responses to referee 1 comments

This study investigates the relationship between Arctic sea ice retreat and local cloud cover using the

MIROC5 GCM. The subject matter is timely, and the results are generally consistent with recent

research suggesting a positive feedback between expanding open water in the Arctic and cloud

coverage that enhances downwelling radiation to the surface. As such, this new study is relevant and

appropriate for ACP. In this revised version, the authors have improved the manuscript considerably

and have addressed my major concerns, the biggest of which is distinguishing cause-and-effect

between the monthly changes in cloud cover and sea ice coverage. | still have some suggested changes

to help clarify and clean up the article, as described below.

Major comments:

1. | appreciate the addition of Figure 4c, which addresses the causality question. However, it’s hard

for me to follow the lead-lags in this figure that are described in the text. It would help to label on the

figure which variable is leading which for positive and negative values on the x axis. Also, providing

a clear example in the text would also help readers. For instance, | think—but I’m still not sure—that

the green diamond for a Lead/Lag of -1 represents where September cloud leads October ice and that

the red diamond for a Lead/Lag of -1 represents where September sea ice leads October cloud.

We deeply thank you for giving a useful comment. As you commented, we modified Figure 4c. Labels
of month were added below labels of lead/lag number in the x axis of Figure 4c, and also legend in
Fig. 4c was modified. Further, we provided an example in the text to help reader as you suggested.

However, we are very sorry that, in the original manuscript, explanation by green line in Fig. 4c was



exchanged with that by red line. This was revised.

(Section 3.2.1 Autocorrelation and lead/lag correlation analysis in the revised manuscript.)
“Lead/lag correlations in the Arctic subregion demonstrated that cloud cover in October was

negatively correlated with the lead/lagged SIC (red diamond in Fig. 4c). For instance, the red diamond

for a lead/lag of -1 (+1) represents where SIC in September (November) leads (lags) cloud cover in

October. This negative correlation of cloud cover in October with SIC in September suggested that

small SIC continuing from September led to increased cloud cover in October.”

“However, SIC in October was also negatively correlated with lead/lagged cloud cover (green

diamond in Fig. 4c). The green diamond for a lead/lag of -1 (+1) represents where cloud cover in

September (November) leads (lags) SIC in October. The correlation of SIC in October and cloud cover

in September (green diamond) was weaker than that of cloud cover in October and SIC in September

(red diamond), as shown at an abscissa -1 of the lead/lag month in Fig. 4¢.”

2. The sensitivity tests added in this version are helpful in making the authors’ case. One minor point,

however, is that | don’t understand the meaning of the chosen names (A2K, TA2K, etc.). A brief

explanation in the introduction would help.

To help reader to understand meaning of experiment names, names of experiments, A2K, TA2K, IA2K,
and SIA2K, were changed to OF2000, SSTOF2000, SIOF2000, and ALL2000, respectively. The each
experiment name indicates changes of the condition from CTL. The letters of SI, SST, and OF before
2000 in the name indicate that sea ice, SST and other (atmospheric) forcings in 1980 or 1980s were
changed to those in 2000 or 2000s. Then, Table 1 was modified according to these changes. Also, the

explanation for the names was added in the Table 1 caption.

(Revised Table 1)

“Table 1. Sea surface temperature (SST), sea ice, and other forcing conditions in the sensitivity
experiments with MIROCS5-AGCM. Other forcings include land use, greenhouse gas concentrations,
aerosol emissions, and total solar irradiance. Data in the 1980s indicate an average over the period
1976-1985, and the data in the 2000s combine data for the 1980s and changes for the following 20
years, which were estimated using the linear trend from 1976 to 2005 in the historical simulations.
The each experiment name except CTL indicates changes of the condition from CTL. The letters of
SI, SST, OF and ALL before 2000 in the name indicate that sea ice, SST, other (atmospheric) forcings
and all the three conditions in 1980 or 1980s were changed to in 2000 or 2000s, respectively.



Exp. Name Sea Ice (SI) SST Other Forcing (OF)
CTL 1980s 1980s 1980
OF2000 1980s 1980s 2000
SSTOF2000 1980s 2000s 2000
SIOF2000 2000s 1980s 2000
ALL2000 2000s 2000s 2000

3. I think the description of Figure 6 could be condensed, as it takes up nearly three pages. The central

explanation of the entire figure seems to be that cloud cover changes are a function of relative humidity

changes, which in turn depend on the competing influences of the warming versus moistening at each

level. These relationships differ in understandable ways between the delta ai+ and delta ai- points

because of differences in the magnitude of surface heating between these two surface types.

According to this comment and reviewer 2’s comment similar to this comment, we modified section
3.3. Descriptions on the lapse rate and the decreasing rate of specific humidity with altitude in the
latter half of section 3.3 have removed from the text, because the description was not for a main issue

in the section 3.3.

4. Figure 8: | appreciate the authors taking my suggestion to heart by analyzing the role of atmospheric

stability as a potential explanation for the increased October cloudiness simulated over the interior

Arctic, but I’'m not sure that the trend in this variable is the most relevant to address this guestion. If

atmospheric stability is playing such a role, | would suspect that the relevant difference is not temporal

but spatial: the presumably higher atmospheric stability over perennial sea ice points in either time

period, compared with the declining stability over the recently melted-off areas along the periphery.

It’s possible that the injection of so much moisture into the Arctic during October in recent years could

be trapped more effectively within lower tropospheric layers above the colder perennial ice pack and

thus promote more cloudiness in the later time period.




We appreciate this comment and your suggestion. As we mentioned in Discussion section, more
ensemble members of the historical simulations would be needed to clarify a cause of the increased
October cloudiness simulated over the interior Arctic. Thus, because this topic is not a main target in
this study, we would like to treat this in the future. However, your potential explanation for the
increasing cloud cover over the interior Arctic was included as a potential mechanism in Discussion

section..

(Section 4 Discussion in the revised manuscript)

“The figure shows that the static stability in the lower troposphere decreased over most part of the
Arctic Ocean, although large decreases in static stability did not always correspond with large
increases in cloud cover in regions without large reductions in sea ice. This result was common in each
ensemble member. Therefore, an appropriate and systematic cause of the large increases in cloud cover

over the region without substantial reduction in sea ice remains unclear. It may be possible that the

injection of much moisture into the Arctic during October in recent years could be trapped more

effectively within lower tropospheric layers above the colder perennial ice pack and thus promote

more cloudiness in the latter period. To clarify this finding, more ensemble members may be required

in the experiment.
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Minor comments:

1. Abstract: The sentence from lines 17-19 is confusing, because it reads as if the oceanic heat is

directly responsible for the reductions in overlying sea ice, but | think the authors mean that the

enhanced oceanic heat fluxes to the atmosphere have a time-lagged effect on subsequent ice coverage.

The sentence was revised as follows,
(Abstract in the revised manuscript)
“The delayed response leads to extensive sea ice reductions because the heat and moisture fluxes from

the underlying open ocean into the atmosphere are enhanced.”

2. Page 2, lines 16-18: Do the authors really mean that the ice-albedo feedback is larger in fall (than

summer) or rather that the impact of this feedback is larger in the fall?

We are afraid that we found to have misunderstood the result of Yoshimori et al.(2014). Thus, the
sentence was revised as follows,
(Section 1. Introduction in the revised manuscript)

“ However, as Yoshimori et al. (2014) mentioned with the climate model results that Arctic surface
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warming in autumn-winter is attributed to seasonal reduction of ocean heat storage and increased cloud
greenhouse effect, other processes such as ocean heat uptake process, atmospheric stability, and low-

level cloud response may require further attention to better understand the Arctic warming mechanism.”

3. Page 5, line 17: Changing ““. . .the surface DLR and those due to increased air temperature. . . ““ to

““. . .the surface DLR versus those due to increased air temperature. . . “ would make the sentence

clearer.

We changed the sentence as you commented.

(Section 1. Introduction in the revised manuscript)

“ Furthermore, to provide information on the role of Arctic clouds in the mechanism of Arctic warming,
this study evaluates the relative importance of changes in cloud radiative forcing on the surface DLR

versus those due to increased air temperature and water vapor.”

4. Page 6, line 22: Similarly, replacing ““considered’ with ““applied’” sounds better.

We changed the sentence as you commented.
(Section 2. Model and Experiments in the revised manuscript)

“In the simulation, changes in the solar constant are applied according to Lean et al. (2005).)”

5. Page 7, line 18: Define “AA’" in its first usage.

We added ‘Arctic Amplification’ before AA in the sentence.
(Section 2, Model and Exepriment in the revised manuscript)
“This result clearly reveals the Arctic Amplification (AA), indicating that the MIROCS is able to

simulate the AA in historical simulations.”

6. Page 9, lines 4 and 5: Change ““substantially” to ““substantial’” and remove “‘also’’.

We changed the word “substantially” to “substantial” according to this comment. However, the
sentence including the word “also” was removed according the second reviewer’s comment.

(Section 3. Result in the revised manuscript)

“The simulated Arctic cloud cover for fall, winter, and spring increased between two periods, 1976-

1985 and 1996-2005, are shown in Figure 2d, although the change was not substantial.”

7. Figure 5: | understand why higher evaporation could lead to more clouds, but why would higher




sensible heat fluxes? Is the figure and accompanying text implying that increases of both fluxes are

contributing to more Arctic clouds?

Much sensible heating makes lower atmosphere more unstable, and then enhance convection. The
convection can help to produce and increase cloud cover. From these points, by using Figure 3, we
would like to mention that both sensible heating and latent heating contribute to increase in cloud

cover. We modified the sentence to help reader.

(Section 3.3. Cloud cover changes resulting from reduced sea ice)
“The increased LE and SH fluxes could play roles in the increased cloud cover in October_through

enhanced unstable atmospheric condition and increased water vaper.”

8. Figure 6: Why does cloud fraction increase above the 0.95 level overlying delta ai+ points, even

though the change in relative humidity at these levels for these points is negative? There is no such

mismatch between cloud fraction and RH for the delta ai- points.

Comparing with cloud cover change in A SI- case, cloud cover change in A ST+ is close to zero. Also,
change in relative humidity in A SI+ is negative and small. However, there are grids in which cloud
cover increases substantially, even though the sea ice cover was not reduced substantially, in ensemble
members. In this study, we have not revealed a plausible cause of the increase in cloud cover without
substantial reduction of sea ice, despite of analyses on lower atmospheric stability and water vapor
transportation in the lower atmosphere. As we discussed in discussion section, more ensemble
members of the historical simulations would be needed for the analysis. Further, another analysis for
this point which is beyond the purpose in this study is need. Therefore, we would like to treat this

point in the future. This discussion has already been included in discussion of the original manuscript.

9. Figure 6: What do the horizontal bars on the delta ai+ curves represent, and why are there no such

error bars on the delta ai- curves? This information should appear in the figure caption.

The horizontal bars represents standard deviation between ensemble members in A SI+. In addition,
standard deviation in A SI- has been represented by grey shade in the figure of the original manuscript.
However, the grey shade may be not clear. Thus, we made the grey shade more clear and modified its

legends. The information of error bars and grey shade in Fig. 6 has been included in the figure captions.

(The revised Figure 8)
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Figure 8. Vertical profiles of the average a) cloud fraction, c) relative humidity, e) specific humidity,

and g) air temperature in October in the MIROCS5 simulations for the periods 1976-1985 (blue) and
1996-2005 (red). The solid (broken) line represents the A SI- (A SI+) case. See the text for the

definitions of the A SI-and A SI+ cases. Vertical profiles of the differences between average b) cloud

fraction, d) relative humidity, f) specific humidity, and h) air temperature in October in the MIROCS5
simulations for the periods 1976-1985 and 1991-2005. The solid (broken) line represents the A SI-

( A SI+) case. The dot-dot-dash lines in €) and f) indicate the saturated specific humidity. The units of

air temperature and specific humidity are K and g kg, respectively. Shading and error bars indicate

the standard deviations for the ensemble members in the A SI-and A SI+ cases, respectively.



Responses to referee 2 comments

Overview Overall, there are some interesting climate connections and feedbacks eluded to in this

manuscript. Unfortunately, the major deficiency lies in both the conclusions drawn and their

communication. | agree with previous reviewers that the additional analysis has improved the paper

substantially, but feel it is tacked on (which | guess is technically true as it’s the entirety of the

Appendix). This is great work and a nice analysis, but this manuscript needs major revisions before it

should be accepted for publication in ACP.

Major comments
First and most importantly, there is too much narrator-like reporting of model output. While necessary,

this should not be the focus of a paper of this nature. A more appropriate approach would be to

describe the climate relationships and features of the model first, and then use figures to support your

statements. This is especially true for the Results section, which as is is a difficult read.

We greatly appreciate this comment. According to this comment, we revised many descriptions,
mainly in Result sections, and also added descriptions needed in contexts of the paragraphs or sections.
Since many descriptions have been modified and added in the revised manuscript, we would like to
show you several descriptions modified or added as examples below. Then, we would like to ask you
to make sure all the changes on the track-changes version of our manuscript or compare the revised

manuscript with the original manuscript.

(Section 3.1, Simulated change of Arctic sea ice and clouds in the revised manuscript)

“According to observations, the seasonal minimum SIA occurs in September, and Arctic sea ice cover
generally begins to recover in October. The overall feature of the Arctic SIA seasonal cycle (e.g.,
summer reduction and fall recover) were reproduced by MIROCS, though there are small differences
between the observations and simulations (Komuro et al., 2012). Figure 2a shows the simulated
seasonal SIA cycle in MIROCS, averaged for the periods 1976-1985 (blue line) and 1991-2005 (red
line), has a maximum in March and a minimum in August. Figure 2b displays the changes in the
simulated seasonal cycle between the two periods, 1976-1985 and 1991-2005. The decreases in the
simulated Arctic SIA in all months and the maximum reduction in September, consistent with
observations of the Arctic SIA (Comiso et al., 2008), probably due to recent global warming are found.

As for the simulated cloud cover averaged over the Arctic Ocean (Figures 2¢ and 2d), low-level cloud
cover is at maximum of 50% in summer and continuously decreased during fall and winter, reaching

a minimum in April. The simulated seasonal amplitude of the total cloud cover was similar to that of



the low-level clouds; the seasonal cycle of the total cloud cover can be explained by the low-level

clouds in MIROCS. ... ”

“Geographical match of the reduction of sea ice and the increase in cloud cover in the Arctic Ocean is
crucial to discuss the interaction between changes in sea ice and cloud cover in the Arctic Ocean. The
geographical distributions of the simulated linear trends in total cloud cover and sea ice concentrations
(SICs) from 1976 to 2005 in September, October, and November are shown in Fig 3. The linear trends
were calculated using the least squares method at each grid, and tested for statistical significance to

determine whether the trend was zero using a t-test....”

(Section 3.2.1 Autocorrelation and lead/lag correlation analysis in the revised manuscript)

“We have analyzed causality between reductions of SIC and increasing cloud cover with the
autocorrelation and lead/lag correlation analysis during 1976-2005. In addition to negative correlation
between cloud cover and SIC in October, negative correlation between cloud cover in October and sea
ice in September would mean reduction in sea ice causes increase in cloud cover. Figures 4a shows
the geographical distribution of one-month-lagged autocorrelations of sea ice concentrations between
September and October, and Figure 4b does that of instantaneous correlations of cloud cover and sea
ice concentrations in October. For the autocorrelation in sea ice concentration between September and
October, large positive correlation coefficients were found over most of the Arctic Ocean; the
correlation coefficient exceeded 0.6 from the Beaufort Sea to the Barents Sea (Fig. 4a). As for the
temporal changes of the autocorrelation in the representative sub-region of the Arctic Ocean (109-
221°E, 69-78°N), shown with the broken line in Fig. 4a, it was high for SIC (blue circle in Fig. 4c),
and become low in early and late months more slowly than that for the cloud cover (black circle in
Fig. 4c). That is because SIC has a substantially longer memory than cloud cover. These results imply
that sea ice changes in October tend to depend on sea ice changes in September in MIROCS; i.e., small

SIC in September is likely to results in small SIC in October.”

(Section 3.2.2 Sensitivity experiment by using atmospheric GCM)

“The annual cycles of cloud cover averaged for the Arctic Ocean were reasonably simulated and
similar to that in the historical MIROCS simulations in all of the sensitivity simulations, though the
cloud coverage in July and August (from October to May) was slightly smaller (larger) than that in the
historical simulations (Fig. 5b). Causes of these differences between the sensitivity experiments and
the historical runs might be that changes in SST and sea ice and variability of interactions between
atmosphere and ocean (sea ice) in time-scale smaller than month are not included in the sensitivity
experiments, and also that the internal variability in atmospheric circulation varies between the

sensitivity experiments and the historical runs. ..”



“Geographical agreement of the differences in cloud cover and sea ice cover is important to prove the
impact of sea ice reduction on cloud cover increase, as examined in the historical simulations (Fig. 3).
The geographical maps of cloud cover in October for the CTL and ALL2000 experiments and the
differences in each experiments from CTL are shown in Fig. 6. Increases in cloud cover are remarkable
in the SIOF2000 and ALL2000 experiments particularly at the grids with large sea ice reductions (Figs.
6d and 6f). These indicate that the large increases in cloud cover are due to sea ice reduction. Besides,

”»

increases in cloud cover were also found at the grids with small reductions in sea ice. ....

(Section 3.3. Cloud cover changes resulting from reduced sea ice in the revised manuscript)

“We compared the vertical profiles of cloud fraction, relative humidity, specific humidity and air
temperature in cases with and without the substantial reduction of sea ice and those differences
between the cases in October, to clarify a mechanism of the increase in cloud due to the sea ice
reduction (Fig. 8). In Fig. &, the “ASI-" case is defined by grids with substantial reduction in SIC (a
linear trend in SIC of less than -0.1/decade). As shown in Fig. 3b, many of the ASI- grids were located
over a broad region, including the Laptev Sea, the East Siberian Sea and the Beaufort Sea. The “ASI+”
case is defined by grids without substantial reduction in SIC (a linear trend in SIC exceeding -

0.1/decade) over a limited latitude band (i.e., 65°-73°N). ...”

Secondly, | feel that the emphasis should be shifted from MIROC model output to the lead-lag

correlation analysis and the sensitivity simulations currently included in the Appendix. These are the

most compelling aspects of this paper but are overshadowed by an overabundance of standard model

output discussion. My suggestion is to move the lead-lag and correlation analysis to its own section. |

feel that the sensitivity results should also be in the main body. After a brief introduction on how the

model performs compared to observations, then discuss the correlation between sea ice and cloud

fraction, and finally reinforce those correlations with results from the sensitivity analysis.

We appreciate this comment. Based on this comment, we modified result section. In the revised
manuscript, both results of autocorrelation and lead/lag correlation analysis and sensitivity
experiments were included in subsection 3.2 of the main body. These changes should make the results
more noticeable rather than those in the original manuscript. Related to this modification, descriptions
on the linear trend of sea ice and cloud cover in subsection 3.2 of the original manuscript were moved

to subsection 3.1.

(Section 3.2 in the revised manuscript)

13
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3.2 Causality between changes in Arctic sea ice and cloud

3.2.1 Autocorrelation and lead/lag correlation analysis

We have analyzed causality between reductions of SIC and increasing cloud cover with the
autocorrelation and lead/lag correlation analysis during 1976-2005. In addition to negative correlation
between cloud cover and SIC in October, negative correlation between cloud cover in October and sea
ice in September would mean reduction in sea ice causes increase in cloud cover. Figures 4a shows
the geographical distribution of one-month-lagged autocorrelations of sea ice concentrations between
September and October, and Figure 4b does that of instantaneous correlations of cloud cover and sea
ice concentrations in October. For the autocorrelation in sea ice concentration between September and
October, large positive correlation coefficients were found over most of the Arctic Ocean; the

correlation coefficient exceeded 0.6 from the Beaufort Sea to the Barents Sea (Fig. 4a). .....
3.2.2 Sensitivity experiment by using atmospheric GCM

To further examine the effect of reduced sea ice on Arctic cloud cover, we conducted sensitivity
experiments with atmospheric component of MIROCS5 (MIROCS5-AGCM) under different
combinations of SST, sea ice and other forcings, such as greenhouse gases, aerosols, and land use, in

1980s to 2000s (Table 1). The setting of these experiments is described in section 2.

Minor comments

-The Introduction is often redundant due to organizing the discussion by ““data type”’. This way, each

process is discussed multiple times but from different perspectives, leading to reader confusion about

what the actual state of knowledge on sea ice — atmosphere interaction is. For example, Schweiger et

al., 2008 shows up multiple times in the introduction, sometimes in agreement and sometimes not.

According to this comment, we revised the introduction, which treats in turn topics of “Arctic warming

and Arctic amplification”, “increased cloud cover with sea ice reduction”, “radiative effect of increase

cloud on Arctic warming” and “model study on increased Arctic cloud”.

(Section 1. Introduction in the revised manuscript)

“Satellite observations have shown that Arctic sea ice has decreased gradually since the 1980s
(Comiso et al., 2008). Recent significant reductions in Arctic sea ice occurred in 2007 and 2012. A
further reduction in Arctic sea ice is likely to result from future global warming. In turn, the reduction
in sea ice can accelerate surface warming in the Arctic region through various feedback processes. A

major feedback process in climate change is the ice-albedo feedback, in which reduced sea ice
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decreases the global albedo and increases shortwave radiation entering the climate system (e.g.,Curry
et al., 1995; Dickinson et al., 1987; Manabe and Stouffer, 1980; Perovich et al., 2007). This feedback
is likely to occur in high-latitude regions, where snow cover and sea ice are seasonally extended.
However, as Yoshimori et al. (2014) mentioned with the climate model results that Arctic surface
warming in autumn-winter is attributed to seasonal reduction of ocean heat storage and increased cloud
greenhouse effect, other processes such as ocean heat uptake process, atmospheric stability, and low-
level cloud response may require further attention to better understand the Arctic warming mechanism.
The reduction in sea ice also involves other feedback processes in the Arctic region (Serreze and Barry,
2011). Previous studies have suggested that extended periods of open ocean resulting from reductions
in sea ice increase Arctic cloud cover and enhance Arctic amplification (e.g., Holland and Bitz, 2003;
Screen and Simmonds, 2010; Serreze and Barry, 2011; Vavrus et al., 2009; Yoshimori et al., 2014).
Liu et al. (2012) used satellite data to show that a 1% decrease in sea ice concentration leads to a 0.36-
0.47% increase in cloud cover. These authors also suggested that the total variance in cloud cover from
July to November can be explained by the sea ice-cloud feedback. Recent ship observations have
found that cloud base heights tend to increase in September over the Arctic Ocean without sea ice
cover due to heating from the ocean (Sato et al., 2012). This heating is enhanced because of the
increased temperature gradient between the atmosphere and the ocean, weakening the stable
conditions in the atmospheric boundary layer. This previous study indicated that convective clouds
become more numerous over the Arctic Ocean. However, whereas Kay and Gettelman (2009) showed
that increased turbulent transport of heat and moisture promotes low-cloud formation, Schweiger et
al. (2008) showed that low-level clouds may decrease and middle-level clouds simultaneously increase
in coverage because the decreased static stability and a deepening atmospheric boundary layer
contribute to a rise in the cloud level. Simulations run by Porter et al. (2012) with the Weather Research
Forecasting (WRF) model support an increase in middle-level clouds in September and increases in
low-level cloud cover from October to November. The cloud cover change resulting from sea ice loss
and its vertical profile are under debate.

Wu and Lee (2012) suggested that the enhanced downward longwave radiation (DLR) resulting from
increased cloud cover may have been responsible for the enhanced autumnal increase in the surface
air temperature (SAT). In addition, the enhanced DLR can prolong the sea ice melt seasons and lead
to a positive feedback involving Arctic sea ice loss (Serreze and Barry, 2011). However, Schweiger et
al. (2008) concluded that the radiative effect of this change is relatively small because the direct
radiative effects of cloud cover changes are compensated by changes in the temperature and humidity
profiles associated with varying ice conditions. A regional climate model simulation has also shown
that the radiative effect of cloud cover changes is likely to be smaller than that of changes in air
temperature and humidity (Rinke et al., 2013). Because of the deficiency in observed radiation data at

the surface, the radiative effect of cloud clover changes in the Arctic warming remains controversial.
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In addition to the analysis of observations, several studies have employed climate model simulations.
Climate models that have simulated sea ice reduction show that Arctic cloud cover increases in fall
(Vavrus et al., 2011; Vavrus et al., 2009). An increased area of open ocean enhances the heat and
moisture transport from the ocean to the atmosphere, resulting in increased cloudiness. These studies
have analyzed the change in cloudiness resulting from sea ice losses in simulations with increased
greenhouse gas concentrations. The effects of reduced sea ice in these analyses are stronger than those
occurring in the late 20th century. Therefore, these results are not always appropriate for the change
in Arctic cloudiness that has occurred since the late 20th century, in which sea ice has only decreased
in limited regions. These investigations may be insufficient to understand recently observed events

and may not effectively explain recent processes in simulated climate models.”

-Nearly every paragraph starts with ““Figure X shows. . .”, leading to a figure-driven discussion. While

this nicely walks the reader through the figures, it requires themselves to make the connections between

the climate components.

This comment is related to the second major comment. We modified descriptions commented here
according to the second major comment. Thus, we would like to ask you to read our responses to the

second major comment.

-There is a lot of discussion of low-cloud versus total cloud. This tends to be confusing, but am also

skeptical of climate models ability to delineate these different cloud types.

We agree with that climate models have problems on simulating different cloud types, particularly in
the Arctic region. However, in the Arctic region, vertical profile of cloud cover changes due to sea ice
reduction or global warming is important to understand a mechanism of the cloud change and a
radiative effect of the increased cloudiness, as previous studies (e.g., Schweiger et al 2008, Cuzzone
and Vavrus 2011) also focused on this point. Thus, although several discussions on this point were
removed in the text, descriptions on this point were modified so that the descriptions do not confuse
an issue of this study.

(Section 3.3 Cloud cover changes resulting from reduced sea ice)

“These results were consistent with the changes in cloud fraction. The simulated vertical structures
of cloud fraction and relative humidity in the latter period for the ASI- are very similar to those for
low sea ice years in the ERA-interim data set (Cuzzone and Vavrus, 2011) and those for below-normal
ice concentration in ERA-40 data set (Schweiger et al., 2008), although the values in this study differ
from those in the reanalysis data sets. Furthermore, our results are consistent with those of the satellite

measurements of Palm et al. (2010), which showed increased autumnal clouds near the surface (within
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500 m) over sea ice rather than open ocean.”

-Figures 4 is the most compelling result of the main text. As such, | would split it into two, separating

the autocorrelation and the sea ice-cloud correlation, and give this analysis its own section in the

paper. Similarly, Figure 6 and the attending text is a very nice result but currently somewhat buried.

We appreciate your comment. According to this comment, we modified the manuscript so that
subsection 3.2.2 of the revised manuscript deals with analysis of the autocorrelation and the lead-lag
correlation between sea ice and cloud cover. However, because comprehensive results from analyses
of autocorrelation and lead/lag correlation between sea ice and cloud cover suggests a possible
causality between increase in cloud cover and reduction of sea ice, separating the autocorrelation and
the lead-lag correlation was not made in this revision.

For the comment on Fig. 8 (Fig. 6 in the original manuscript), we modified section 3.3 based on this
comment and reviewerl’s comment. Descriptions on Fig. 8 which are not main issues in this study

were removed according to reviewerl’s comment.

-For myself, Figures A1 and A2 are some of the most interesting of the paper. Really try to get these

featured more prominently (and definitely in main text).

This comment is the same as the second major comment. We would like you to read our responses to

the second major comment.

Specific comments

Page 1 Line 17: “not a minimum’” — more precise language needed

We removed the sentence commented here according to the reviewerl’s comment.

Page 3 Line 6-7: “Therefore . ..”” —many sentences in the introduction take the form ““the disagreement

in the literature imply we don’t know anything and need more studies’’, but only one is needed.

We removed several sentences and modified the related paragraphs, based on this comment. This
comment is related to the first minor comment, so we would like to ask you to read our response to

the first minor comment.

Page 3 Line 16-17: ““. . . enhanced DLR. . .” —is there a reference for this?
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We added a reference as follows,
(Introduction in the revised manuscript)
“In addition, the enhanced DLR can prolong the sea ice melt seasons and lead to a positive feedback

involving Arctic sea ice loss (Serreze and Barry, 2011).”

Page 4 Line 4-5: “Recent ship observatins. . .”” - is there are reference for this?

We moved a reference used in the following sentence to a reference for this sentence.
(Introduction in the revised manuscript)
“Recent ship observations have found that cloud base heights tend to increase in September over the

Arctic Ocean without sea ice cover due to heating from the ocean (Sato et al., 2012).”

Page 6 Line 14: ““. . .divided. . .”” — this sentence is not clear. How are they divided? Spatially?

Cateqgorically?

They are divided by sea ice thickness categories. We modified the text related to this topic as follows,
(Section 2. Model and Experiments in the revised manuscript)
“The sea ice in each horizontal grid is divided into five ice thickness categories in addition to open

water. The lower bounds of ice thickness for these categories are 0.3, 0.6, 1.0, 2.5, and 5.0 m.”

Page 6 Line 21-26: “Historical. . .”” - each of the first three sentences start exactly the same.

According to this comment, we modified these sentences as follows,

(Section 2. Model and Experiments in the revised manuscript)

“Historical simulations are performed from 1850 to 2005 using anthropogenic forcings recommended
by the CMIP5 project. In the simulation, changes in the solar constant are applied according to Lean
et al. (2005). Also, the optical thickness of volcanic stratospheric aerosols are given by Sato et al.

(1993), and subsequent updates are available (http://data.giss.nasa.gov.modelforce/strataer/).”

Page 7 Line 10-23: | feel like this paragraph and some of the next do not fit in the Results section.

We appreciate this comment. We moved the paragraphs to the previous section, model and experiments,

because the paragraphs explained reproducibility of MIROCS.
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Page 9 Line 6: “agrees’ — in what way does this agree with the cited studies?

We modified the sentence.

“ The largest increase in simulated cloud cover in October agrees with previous studies using satellite

data and climate model simulations (Liu et al., 2012; Vavrus et al., 2011; Wu and Lee, 2012). “

Page 9 Line 22: “narrow’” — what do you mean by this?

We modified the sentence according to this comment.
(Section 3.1. Simulated change of Arctic sea ice and clouds in the revised manuscript)
“Negative trends in SICs remained in October (Fig 3b), although the area with substantial negative

trends became smaller than that in September.”

Page 10 Line 3: ““(not shown)”” — all of these ““not shown’’s are fine if they are a natural part of the

story, but as is these only muddle the message by referring to unimportant model results.

We thank you for this comment. We removed the term “not shown”.

Page 11 Line 23: - this lead/lag result is nice finding and a highlight of the paper but here is buried at

the end of a paragraph!

This comment is the same as the second major comment. We would like you to read our responses to

the second major comment.

Page 13 Line 7: “delta ai+” - this nomenclature is confusing. A more wordy alternative might be

appropriate. Also, the explanation for these two metrics can be clarified.

We appreciate this comment. Although “ai” is used as variable names of sea ice concentration in our
model community, this may be not normal and general. We changed ai to SI that is abbreviation of Sea

Ice. The explanation for these metrics was modified.

(Section 3.4, Cloud cover changes resulting from reduced sea ice in the revised manuscript)
“In Fig. 8, the “ASI-" case is defined by grids with substantial reduction in SIC (a linear trend in SIC

of less than -0.1/decade). As shown in Fig. 3b, many of the ASI- grids were located over a broad region,

16



including the Laptev Sea, the East Siberian Sea and the Beaufort Sea. The “ASI+” case is defined by
grids without substantial reduction in SIC (a linear trend in SIC exceeding -0.1/decade) over a limited

latitude band (i.e., 65°-73°N).

Page 14 Line 22: This discussion of the lapse rate is quite lengthy and really only making a few points.

You don’t need to discuss every detail of the model results. In fact it detracts from the paper. Your job

as author is to interpret your results and then distill your findings down for the reader.

Base on this comment and reviewerl’s comment, we removed descriptions on this topic from section

3.3.

Page 14 Line 24: ““lapse rate of specific humidity”” — is this a real thing?

This term may be not correct, because the term is for air temperature. It may be better to change this
term to “decreasing rate of specific humidity with the altitude”. However, according to other comments

from reviewers, we removed the descriptions including this term.
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Effect of retreating sea ice on Arctic cloud cover in simulated

recent global warming

Manabu Abe!, Toru Nozawa?, Tomoo Ogura®, and Kumiko Takata*3!
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forcing due to increases in cloud cover in autumn brings an increase in the surface downward

LAY
\ \

longwave radiation (DLR) by approximately 40-60% compared tq, changes in clear—skyﬁ i

\

surface DLR in fall. These results suggest that an increase in Arctic clouds cover as a result of |\
VA

\
\

of Arctic warming. i

1. Introduction

Satellite observations have shown that Arctic sea ice has decreased gradually since the 1980s
(Comiso et al., 2008). Recent significant reductions in Arctic sea ice occurred in 2007 and
2012. A further reduction in Arctic sea ice is likely to result from future global warming. In
turn, the reduction in sea ice can accelerate surface warming in the Arctic region through
various feedback processes. A major feedback process in climate change is the ice-albedo
feedback, in which reduced sea ice decreases the global albedo and increases shortwave
radiation entering the climate system (e.g.,Curry et al., 1995; Dickinson et al., 1987; Manabe
and Stouffer, 1980; Perovich et al., 2007). This feedback is likely to occur in high-latitude

regions, where snow cover and sea ice are seasonally extended. However, as Yoshimori et al.

(2014),_mentioned _with the climate model results that Arctic surface warming in _

autumn-winter is attributed to seasonal reduction of ocean heat storage and increased cloud

greenhouse effect, other processes such as ocean heat uptake process, atmospheric stability.

and low-level cloud response may require further attention to better understand the Arctic

warming mechanism.

NS~
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Iﬁuﬁ: ed

HilBR: because the surface air temperature rises in these thin layers,
causing the relative humidity to decrease. As cloud cover increases,
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BIIRR: Thus, the ice-albedo feedback is larger in fall, when incoming

shortwave radiation in high-latitude regions is not a minimum
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and Barry, 2011). Previous studies have suggested that extended periods of open ocean
resulting from reductions in sea ice increase Arctic cloud cover and enhance Arctic
amplification (e.g., Holland and Bitz, 2003; Screen and Simmonds, 2010; Serreze and Barry,
2011; Vavrus et al., 2009; Yoshimori et al., 2014)r Liu-et al. (2012) used satellite data to- show- - i
that a 1% decrease in sea ice concentration leads to a 0.36-0.47% increase in cloud cover.

These authors also suggested that the total variance in cloud cover from July to November can

be explained by the sea ice-cloud feedback. Recent ship observations have found that cloud

base heights tend to increase in September over the Arctic Ocean without sea ice cover due to

heating from the ocean (Sato et al., 2012). This heating is enhanced because of the increased

temperature gradient between the atmosphere and the ocean, weakening the stable conditions

in the atmospheric boundary layer. This previous study indicated that convective clouds

become more numerous over the Arctic Ocean. However, whereas Kay and Gettelman (2009)

showed that increased turbulent transport of heat and moisture promotes low-cloud formation,

Schweiger et al. (2008) showed that low-level clouds may decrease and middle-level clouds

simultaneously increase in coverage because the decreased static stability and a deepening

atmospheric boundary layer contribute to a rise in the cloud level. Simulations run by Porter

et al. (2012) with the Weather Research Forecasting (WRF) model support an increase in

middle-level clouds in September and increases in low-level cloud cover from October to

November. The cloud cover change resulting from sea ice loss and its vertical profile are

under debate.

resulting from increased cloud cover may have been responsible for the enhanced autumnal
increase in the surface air temperature (SAT). In addition, the enhanced DLR can prolong the
sea ice melt seasons and lead to a positive feedback involving Arctic sea ice loss (Serreze and

3

BiBR: With regard to recent changes in Arctic cloud cover,
Schweiger (2004) reported that both satellite data from TIROS
Operational Vertical Sounder (TOVS) Polar Pathfinder retrievals and
Advanced Very High Resolution Radiometer (AVHRR) data reveal
significant decreases in cloud fractions over the Arctic sea during
winter (December-January-February, DJF) and striking increases in
spring (March-April-May, MAM). Wang and Key (2003) also
showed an increase in the spring cloud fraction. However, the
negative trend in spring cloudiness reported by Comiso (2003) is not
consistent with these previous findings, suggesting uncertainty with
respect to these observations. Therefore, continuous monitoring and
investigation of the changes in Arctic cloudiness are required for a
robust evaluation.

To monitor the change in cloudiness resulting from reduced sea ice,

several recent studies have used satellite data.

HilBR: showed that low autumnal cloud cover over the Beaufort Sea
and East Siberian Sea increased during the period 2000-2010,

especially in October. The authors
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compensated by changes in the temperature and humidity profiles associated with varying ice
conditions. A regional climate model simulation has also shown that the radiative effect of
cloud cover changes is likely to be smaller than that of changes in air temperature and

humidity (Rinke et al., 2013). Because of the deficiency in observed radiation data at the

simulations. Climate models that have simulated sea ice reduction show that Arctic cloud
cover increases in fall (Vavrus et al., 2011; Vavrus et al., 2009). An increased area of open
ocean enhances the heat and moisture transport from the ocean to the atmosphere, resulting in
increased cloudiness. These studies have analyzed the change in cloudiness resulting from sea
ice losses in simulations with increased greenhouse gas concentrations. The effects of reduced
sea ice in these analyses are stronger than those occurring in the late 20" century. Therefore,
these results are not always appropriate for the change in Arctic cloudiness that has occurred
since the late 20™ century, in which sea ice has only decreased in limited regions. These
investigations may be insufficient to understand recently observed events and may not

effectively explain recent processes in simulated climate models.

As noted above, several studies have investigated Arctic cloud cover changes during recent
global warming. However, debate surrounds the change in Arctic cloudiness and the lack of
an understanding of the effect of reduced sea ice on Arctic cloud cover because of insufficient
observational data and longstanding difficulties in representing realistic polar clouds in
climate models. In addition, the radiative effect of cloud cover changes at the surface is

difficult to accurately measure because of the dark seasons and sea ice cover. In this study, we

4

\

\

\
\

\
\

\
\

\

HIRR:

A strong link has been identified between cloud cover variability and
sea ice variability near the sea ice margins in fall using the 40-year
ECMWEF Re-Analysis (ERA40) data and TOVS polar Pathfinder

satellite datasets (Schweiger et al., 2008).

*. | MIB&: this previous study

\
\{ HiIB¥: compensated

HIBR: correctly evaluating the radiative effect of cloud cover

changes is difficult. Therefore,

BilB%: Recent ship observations have found that cloud base heights
tend to increase in September over the Arctic Ocean without sea ice
cover due to heating from the ocean (Sato et al., 2012). This heating
is enhanced because of the increased temperature gradient between
the atmosphere and the ocean, weakening the stable conditions in the
atmospheric boundary layer (Sato et al., 2012). This previous study
indicated that convective clouds become more numerous over the
Arctic Ocean. However, inconsistent results have been reported
concerning the vertical profile of cloud cover changes. Whereas Kay
and Gettelman (2009) showed that increased turbulent transport of
heat and moisture promotes low-cloud formation, Schweiger et al.
(2008) showed that low-level clouds may decrease and middle-level
clouds simultaneously increase in coverage because the decreased
static stability and a deepening atmospheric boundary layer
contribute to a rise in the cloud level. Simulations run by Porter et al.
(2012) with the Weather Research Forecasting (WRF) model support
an increase in middle-level clouds in September and increases in
low-level cloud cover from October to November. The vertical
profile of the cloud cover change resulting from sea ice loss is under

debate and may alter the evaluation of the radiative effect of cloud

cover changes.
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investigate the temporal trends of Arctic cloud cover changes during recent global warming
simulated by a state-of-the-art climate model (i.e., MIROCS) and focus on the effects of
reduced sea ice. The simulated vertical structure of cloud cover change is analyzed using a
composite analysis technique because of continued controversy regarding the vertical profile
of cloud changes. Furthermore, to provide information on the role of Arctic clouds in the
mechanism of Arctic warming, this study evaluates the relative importance of changes in
water vapor. The Arctic cloud cover changes resulting from reduced sea ice in climate model
simulations should be informative for understanding the mechanism underlying future

changes in Arctic clouds and Arctic warming.

The next section explains the coupled atmosphere-ocean general circulation model (MIROCS)

used in this study and its 20" century simulation. The third section reports the results for the

changes in Arctic cloud cover and sea ice by the lead/lag correlation analysis of the historical

simulations and the sensitivity experiments with the atmospheric GCM. We then discuss the

relationship between changes in Arctic cloud cover and sea ice changes, and the paper

concludes with a summary.

2. Model and Experiments

We analyze historical simulations using a coupled atmosphere-ocean general circulation
model, i.e., MIROC5 (Watanabe et al., 2010), which was used in the Coupled Model
Intercomparison Project Phase 5 (CMIPS5). The atmospheric portion of MIROCS is based on
the global spectral dynamical core and includes a standard physical package. The atmospheric

resolution is T85L40, with a top at 3 hPa. The ocean general circulation model in MIROCS is
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the CCSR (Center for Climate System Research, University of Tokyo) Ocean Component
Model (COCO) version 4.5 (Hasumi, 2007). The zonal resolution of the ocean is fixed at 1.4°,
whereas the meridional resolution is 0.5° at latitudes equatorward of 8° and 1.4° at higher
latitudes (poleward of 65°), with a smooth transition in between (256 x 224 grid points for the
zonal and meridional directions, respectively). The model has 49 vertical levels, and the
spacing varies with a depth of 2.5 m at the surface, 20 m at a depth of 100 m, 100 m at a depth
of 1000 m, and 250 m below a depth of 2000 m. The sea ice in each horizontal grid is divided

into five ice thickness categories in addition to open water. The lower bounds of ice thickness

for these categories are 0.3, 0.6, 1.0, 2.5, and 5.0 m. The sea ice concentration, ice thickness,
and energy of ice melting are predicted for the five categories in a grid cell (Komuro et al.,
concentration and thickness, are advected by the sea ice horizontal velocity, which conserves

ice volume and is common for all categories in a grid.

Historical simulations are performed from 1850 to 2005 using anthropogenic forcings

aerosols are given by Sato et al. (1993), and subsequent updates are available
(http://data.giss.nasa.gov.modelforce/strataer/). Beginning in 1998, the optical thickness of the
volcanic stratospheric aerosols are assumed to exponentially decrease with a one-year

relaxation time.

The historical simulation using MIROCS5 has five ensemble members with different initial
conditions. In this study, monthly mean data are used, and sea ice concentration data are

interpolated to correspond with the atmospheric horizontal grids.

(Bm @A @

EAFH [2]: The lower bounds of ice thickness for these

categories are 0.3, 0.6, 1.0, 2.5, and 5.0 m.
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To further examine the effect of reduced sea ice on Arctic cloud cover, we conducted*”

systematic _sensitivity experiments with MIROCS5-Atmospheric GCM (AGCM). In the

sensitivity experiments, the Arctic cloud cover under different combinations of SST and sea

ice conditions in the 1980s and 2000s were compared. Additionally, the impact of changes in

other forcings, such as greenhouse gases, aerosols, and land use, from the 1980s to 2000s on

the Arctic cloud cover were examined. Table 1 shows the SST, sea ice, and other forcing

conditions. These experiments used climatological monthly mean SST and sea ice data, which

were obtained from historical MIROCS5 simulations. The SST and SIC in the 1980s were

averaged over the period 1976-1985 in the historical simulations. Both the SST and SIC in the

2000s comprised additive data from the 1980s and changes for the following 20 years, which

were estimated using the linear trend from 1976 to 2005 in the historical simulations. Because

we had five ensemble members in the historical simulations, each of the sensitivity

experiments consisted of five ensemble members, in which combinations of the SST and sea

ice based on each member of the historical simulations were prescribed. Other forcing

conditions, such as greenhouse gases, aerosols, and total solar irradiance, in the CTL and

other simulations corresponded to those in 1980 and 2000. The sensitivity experiments were

integrated for 30 years, and the last 20 years were used in this analysis. Results of the

sensitivity experiments are described in subsection 3.2.2.

for both global and the high-latitude regions (60-90°N) during the period 1900-2005, are

shown in Fig. la. A small increasing trend in the global mean ASAT occurred during the

period 1900-1960, although the interannual variations of the global mean ASAT were

dominant. Since the 1970s, the global mean ASAT has increased. The increasing trend in the

global mean ASAT was approximately 0.2 K/decade. Conversely, the ASAT (60-90°N) varied

between -1.0°C and +1.0°C until 1970. The ASAT (60-90°N) began to increase in the 1970s,

7
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1 reaching 1°C in the 2000s. The warming rate from 1976 to 2005 was approximately 0.6

(wEE: 1270t

LE 0F )

2 K/decade, which is at least twice as high as the warming rate for the global mean ASAT. This
3 result clearly reveals the Arctic Amplification (AA), indicating that the MIROCS is able to i
4  simulate the AA in historical simulations. The positive trend for ASAT (60-90°N) for the ,’/ a}
|
5  period 1970-2005 in MIROCS agrees with the observationally based ASAT (60-90°N) data ’/' ;‘
6  from the Merged Land and Ocean Temperature Analysis (MLOST) (Smith et al., 2008), ,” ,f,“
i

2012) and GISS Surface Temperature Analysis (GISTEMP)
1

7  HadCRUT4 (Morice et al.

8 (Hansen et al., 2010).
1

(Bm daA) 1]
!
BllRR: Theis seasonal SIA cycle in MIROCS differs slightly from the

observed seasonal cycle (Komuro et al., 2012).

HilfR: Figure 1a shows the time series of SAT anomalies (ASAT)

from the 1951-1980 average, which were averaged for both global

and the high-latitude regions (60-90°N) during the period 1900-2005.
A small increasing trend in the global mean ASAT occurred during
the period 1900-1960, although the interannual variations of the
global mean ASAT were dominant. Since the 1970s, the global mean
ASAT has increased. The increasing trend in the global mean ASAT
was approximately 0.2 K/decade. Conversely, the ASAT (60-90°N)
varied between -1.0°C and +1.0°C until 1970. The ASAT (60-90°N)
began to increase in the 1970s, reaching 1°C in the 2000s. The
warming rate from 1976 to 2005 was approximately 0.6 K/decade,
which is at least twice as high as the warming rate for the global
mean ASAT. This result clearly reveals the AA, indicating that the
MIROCS is able to simulate the AA in historical simulations. The
positive trend for ASAT (60-90°N) for the period 1970-2005 in
MIROCS agrees with the observationally based ASAT (60-90°N)
data from the Merged Land and Ocean Temperature Analysis
(MLOST) (Smith et al., 2008), HadCRUT4 (Morice et al., 2012) and
GISS Surface Temperature Analysis (GISTEMP) (Hansen et al.,
2010).

Figure 1b shows the time series of the September Arctic sea ice area
(SIA). As the SAT in the northern high latitude increased, the Arctic
SIA significantly decreased. This decrease from the 1970s was
common in all ensemble members. This simulated negative trend in
the Arctic SIA averaged for ensemble members agrees with that
from the Hadley Center Sea Ice and Sea Surface Temperature data

set (HadISST) (Rayner et al., 2003) (Figure 1b), although the

simulated SIA is slightly larger than that from the HadISST.

9 The time series of the September Arctic sea ice area (SIA) is shown in Figure 1b. As the SAT" !
|
f
10  in the northern high latitude increased, the Arctic SIA significantly decreased. This decrease f ;
I
11 from the 1970s was common in all ensemble members. This simulated negative trend in the ;,‘
/
12 Arctic SIA averaged for ensemble members agrees with that from the Hadley Center Sea Ice : ;
I
13  and Sea Surface Temperature data set (HadISST) (Rayner et al., 2003), although the simulated i,‘
I
|
14  SIAis slightly larger than that from the HadISST. (‘ !
|
I
15 I
I
‘f |
16 3. Results ; ;
; i
17 3.1. Simulated change of Arctic sea ice and clouds 1’ '
I
[
|
18 ding to_observations, th | minimum SIA ¢ :
I
19  ice cover generally begins to recover in October. The overall feature of the Arctic SIA |
[}
20  seasonal cycle (e.g., summer reduction and fall recover) were reproduced by MIROCS, :
I
21  though there are small differences between the observations and simulations (Komuro et al.,
I
22 2012). Figure 2a shows the simulated seasonal SIA cycle in MIROCS, averaged for the
23  periods 1976-1985 (blue line) and 1991-2005 (red line), has a maximum in March and a
24 minimum in August. Figure 2b displays the changes in the simulated seasonal cycle between
8

\{ HIBR: of the Arctic SIA

I HEllRR: and

T A{ﬁ“ﬁ: differences
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fall and winter, reaching a minimum in April. The simulated seasonal amplitude, of the total

BllB%: The maximum SIA occurred in March, decreasing to a
minimum in August. This seasonal SIA cycle in MIROCS differs
slightly from the observed seasonal cycle (Komuro et al., 2012).
According to observations, the seasonal minimum SIA occurs in
September, and Arctic sea ice cover generally begins to recover in
October. Although discrepancies were found between the
observations and our model results, the basic features of the seasonal
cycle of the Arctic SIA, such as the summer reduction and fall

recovery in SIA, were simulated using MIROCS.

cloud cover was similar to that of the low-level clouds; the seasonal cycle of the total cloud

cover can be explained by the, low-level clouds_in MIROCS. The seasonal cycle of the total

MIROCS5 was similar to the observed

cloud cover averaged over the Arctic Ocean

LEA~F& [1]: This seasonal SIA cycle in MIROCS differs slightly
from the observed seasonal cycle (Komuro et al., 2012). According
to observations, the seasonal minimum SIA occurs in September,

and Arctic sea ice cover generally begins to recover in October.

climatological ones by the TOVS satellite, (Schweiger et al., 1999) and surface observations

HllB%: Due to recent global warming, t...e decreases in the

(1]

(Hahn et al., 1995), The simulated Arctic cloud cover for fall, winter, and spring increased

|

BiIBR: are identical to Figures 2a and 2b except for the tot 7]

between two periods, 1976-1985 and 1996-2005_(Fig. 2d), although the change was not

substantial, The largest increase in simulated, cloud cover jn October, agrees with previous

TA#W; [3]: Compared with the seasonal cycle of cloud cover
observed by the TOVS satellite and surface-based cloud climatology

reported by Schweiger et al. (1999) and Hahn et al. (1995),

\

BllRR: t...e seasonal cycle of the total cloud cover average

studies using satellite data and climate model simulations (Liu et al., 2012; Vavrus et al.,

2011; Wu and Lee, 2012). ,

HllB%: Compared with...the seasonal cycle of cloud cover .

[4]

Geographical match of the reduction of sea ice and the increase in cloud cover in the Arctic

Ocean is crucial to discuss the interaction between changes in sea ice and cloud cover in the

[5]

i Ul

BiIBR: consider...the interactionrelationship...between chay

Arctic Ocean. The geographical distributions of the simulated linear trends in total cloud

cover and sea ice concentrations (SICs) from 1976 to 2005 in September, October, and

November_are shown in Fig 3. The, linear trends were calculated using the least squares

method_at each grid, and tested for statistical significance to determine whether the trend was

zero using a t-test. Jn September (Fig 3a), negative trends in SIC were found over the Laptev

Sea, the East Siberian Sea and the Beaufort Sea, in addition to those, in the Atlantic sector, fhe

Kara Sea and the Barents Sea. As for, cloud cover, only a small increasing trend was appeared

to the coast of the East Siberian Sea and the northern Bering Strait.
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negative trends became smallerthan-that-in-September-However; the positive-trends-in-cloud
cover cxpanded broadly over the Arctic Ocean. In the region of the East Siberian, Chukchi
and Beaufort Seas, where SICs showed markedly decreasing trends-the-largerpositive-trend
in cloud cover were found. At the same timer—the heights—of the-simulated-cloud-tops—and

bases increased predominantly in regions with the large reductions in SIC during October,
which was also common in September—Theseresults-implies-that-inereased-eloud-cover-wa

caused bythe reduction-in s s —thahestmudated-eloud-eoverinercased

substantially over the Arctic Ocean north of the Beaufort Sea withoutlarge negative trends-in-
the simulated SIC-On-the-other-hand:-there-is no-significant positive trend-incloud-cover-with /

the substantial SIC reduction in the Barents Sea and near Greenland’.—H—is—ﬁess'tb%&fhﬂt—'}fH—heJ

Barents Sea and near Greenland, the dynamic impact in the atmosphere from the lower

latitudes may weaken the thermodynamic effect resulting from the increased open ocean in

some ensemble members in MIROCS simulations, since-there-were major-atmosphericflows-
from the lower latitude during fall-iirtheseregions?—————————————————————————————————————

In November (Fig, 3c). the large negative trends in SIC were limited to the Barents Sea, the

Bering Strait and the coasts of Greenland with a significant increase in cloud cover, This

result also supports the idea that, cloud cover increases because of reduced sea ice. In winter,

cloud cover increased over grids with reduced sea ice, similar to that in November, However,

the change in the simulated Arctic cloud cover jn November and winter, werg, less dominant

than that in October because the sea ice reductions were smaller. In the following sections, the

increased cloud cover in October is examined.

3.2. Causality between changes in Arctic sea ice and cloud

10

-«

A HIRR: ure...3b), although the area withof...substantial negfmyg 6]

BiIBR: ure...3c), shows that ...he large negative trends in

. 7]

_{WREE: JA b KT )
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3.2.1. Autocorrelation and lead/lag correlation analysis

We _have analyzed causality between reductions of SIC and increasing cloud cover with the 3

autocorrelation and lead/lag correlation analysis during 1976-2005. In addition to negative

correlation between cloud cover and SIC in October, negative correlation between cloud

cover in October and sea ice in September would mean reduction in sea ice causes increase in

cloud cover. Figures 4a shows the geographical distribution of one-month-lagged

autocorrelations of] sea ice concentrations between September and October, and Figure 4b

does that of instantaneous correlations of cloud cover and sea ice concentrations in October,

For the autocorrelation in sea ice concentration between September and October, large

positive correlation coefficients were found over most of the Arctic Ocean, the correlation

coefficient, exceeded, 0.6 from the Beaufort Sea to the Barents Sea (Fig. 4a). As for the

temporal changes of the autocorrelation in the representative sub-region of the Arctic Ocean

(109-221°E, 69-78°N), shown with the broken line in Fig. 4a, it was high for SIC (blue circle

in Fig. 4c), and become low in early and late months more slowly than that, for, the, cloud

cover (black circle in Fig. 4c¢). That is because SIC has a substantially longer memory_than

cloud cover, These results imply, that sea ice changes in October tend to depend on sea ice

changes in September in MIROCS; i.e.. small SIC jn September is likely to results in small ||

SIC jn October. J

Stronger negative correlations between SIC and cloud cover in October were found in the

eans that the

increased cloud cover was associated with a smaller SIC. The negative relationship between

SIC and cloud cover in MIROCS agrees with the observed results in Palm et al. (2010) and
Liu et al. (2012). Lead/lag correlations in the Arctic subregion demonstrated that cloud cover

in October was negatively correlated with the lead/lagged SIC (red, diamond in Fig. 4c). For

instance, the red diamond for a lead/lag of -1 (+1) represents where SIC in September

11

/{IiIE' T b o (%) Times New Roman, 12 pt, 7(—?]

BESDRZA) 1, 3, ---+Bﬁ#“ 1+ EBRE: E+
23 0mm+4’/7—/|~1 12.

A{ HIRR: }
{ BllBR: To examine...causality between reductions of SIC aﬁ]d 8]

7777777777777777777777 /W ERTE: U2 hEE T RIALES - L ‘

]| FBR: and 4b ...hows the geographical distribution of

BiIBR: the period ...976-2005 (Fig. 4b). This finding indic 28
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(November) leads (lags) cloud cover in October. This negative correlation of cloud cover in

October with SIC in September suggested that small SIC continuing from September led to

September and October (approximately 0.42) was weaker than the_negative correlation

\
W
increased cloud cover in October is unlikely to represent a continuing increase in cloud cover

from September in MIROCS. However, SIC in October was also negatively correlated with

(+1) represents where cloud cover in September (November) leads (lags) SIC in October. The

correlation of SIC in October and cloud cover in September (green diamond) was weaker than

that of cloud cover in October and SIC in September (red diamond). as shown at an abscissa

-1 of the lead/lag month in Fig. 4c. Therefore, we concluded that cloud cover is likely to

increase due to a decrease in SIC during October in MIROCS. This result_agrees with the,

increases in cloud cover.

Although the correlation of cloud cover in October and SIC in November was strong in the
MIROCS simulations (red diamond in Fig. 4¢), the autocorrelation of sea ice between October
and November remained strong. Thus, changes in SIC in November may be strongly reflected
by those in October rather than the impact of cloud cover in October on SIC in November.
Importantly, because this correlation analysis used monthly mean data, correlations between

variables at time scales smaller than one month remain unclear. ,

3.2.2. Sensitivity experiment by using atmospheric GCM,

\
AN

BllBR: because a strong autocorrelation of SIC between September

and October was found

W

HiIBR: Additionally

HIBR: because

| BilBR: simulated

\
\
\

HilR&: simulated

N
A\
AU
\
\
\
A\
\
\

BlIRR: red

\
|
{
l HIBR: simulated
|
{
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- BilBX: We also conducted systematic sensitivity experiments

N using MIROC5-AGCM to examine the effect of reduced sea
\
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\ ice on Arctic cloud cover.
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To further examine the effect of reduced sea ice on Arctic cloud cover, we conducted

sensitivity experiments with atmospheric component of MIROCS5 (MIROC5-AGCM) under

different combinations of SST, sea ice and other forcings, such as greenhouse gases, aerosols,

; . . . . . e {ﬁ']l!%: changes of year year
and land use, in 1980s to 2000s (Table 1). ¥Ihe setting of these-experiments-iv-described-in—<

HEllRR: are

section 2.

T~
N \[ﬁllﬁ: as

and similar to that in the historical MIROCS5 simulations in all of the sensitivity simulations

\
. (SREE: ACFUR & 0F
Se

though the cloud coverage in July and August (from October to May) was slightly smaller Iﬁm: well

(larger) than that in the historical simulations (Fig. 5b). Causes of these differences between {Hm: all AGCM , as shown in Fig. 5a

o A G )

the sensitivity experiments and the historical runs might be that changes in SST and sea ice

and variability of interactions between atmosphere and ocean (sea ice) in time-scale smaller

than month are not included in the sensitivity experiments, and also that the internal ,{H'JWT
!
!
variability in atmospheric circulation varies between the sensitivity experiments and the /) HUR: should
/)| e s

historical runs. 1

17
"
o

HilBR: , as shown in Fig. 2¢

HiIRR: Al

/

cover in SIOF2000 and ALI2000, which include substantial reduction of Arctic sea ice.gf/ /

/

HilB%: cloud cover

—

Figure 5p shows the annual cycle of cloud cover differences from the CTL simulation in each //[ MIR&: from CTL
I
1
experiment. During fall, the differences in the SIOF2000 and ALL2000 experiments were /,/,//{HIJI!%- A
o {gm- TA2K
largest, which was similar to the historical simulations shown in Fig. 2d. On the other hand, d /) :
i
//// ,/ /{ BIRR: clearly,
the, differences are quite small in OF2000,and SSTOF2000, which do not include reduction of ;* //
iz ,{HUR: substantia
/1
sea ice, (Figs. 5b). These results clearly indicate that, the Arctic cloud cover in fall increases / /* {am
/oy H
4 /

(D U U/ U, U U | U U W | U W,

increased cloud cover in October was the focus of the historical simulation analysis. \

| rrzyTIcRLTOS,

HIR&: A2K, TA2K [ZDOWTid, 1F&AE CTL &R U TENL
BRI, ZORERIE, WKL D B BEBIC DR, TROENR
\ BINLTHRY KB B 220G EITEZOBMA A b2

HilBR: Although

—

13
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simulations (Fig. 3). "Fhe-geographical -maps -of cloud cover-in-October for-the CTL-and- R

ALL2000 experiments and the differences in each experiments from CTL are shown in Fig. 6.

Increases in cloud cover are remarkable in the SIOF2000 and ALL2000 experiments

\

particularly at the grids with large sea ice reductions (Figs. 6d-and -6f): These indicate that the - f

large increases in cloud cover are due to sea ice reduction. In contrast, there is no remarkable

increases in cloud cover in the OF2000 and SSTOF2000 (Figs. 6c-and -6e), where-the sea ice—

reductions was not included. These results strongly imply that the sea ice reduction caused the

increased cloud cover. Additionally, eleud eover increased-in -October when -sea ice-was-~

reduced, even if the SST remained unchanged since 1980s (Fig. 6d). Furthermore, changes in

SST and other forcing conditions (except for sea ice) from 1980s to 2000s did not increase

cloud cover (Figs. 6c-and-6e)- These —results agree -with- the- results—from —the -historieal-~

MIROCS simulations. Therefore, we could conclude that the increased Arctic cloud cover was

caused by the sea ice reductions at least in the MIROC5-AGCM simulations.

Unfortunately, using these sensitivity experiments, we could not assess the impact of

increased cloud cover on sea ice reduction, which is a future consideration.

3.3. Cloud cover changes resulting from reduced sea ice

The following sections return to results from the historical simulations by MIROCS. As

shown in Figure 3, the retreating Arctic sea ice in September and October was substantial in

trends in the latent heat (LE) and sensible heat (SH) fluxes in September and October,in grids

14

/

\

\

HIB¥: in cloud cover

\{ﬁlﬂﬁ' shown

BlIBR: Figure A2 shows

BURR: A2

BURR: A2

|
[
[
i
1
B

= {HIJR: A2

/
/

HllRR: A2

BiIBR: The experiments showed that a large reduction in sea ice
caused an increase in cloud cover in fall (the details are described in
the Appendix). We also confirmed that increased Arctic cloud cover
depends strongly on reductions in sea ice; for example, when sea ice
is substantially reduced, even if the SST in the 1980s remains
constant, Arctic cloud cover increases in MIROC5-AGCM. These
findings support the above results from the historical MIROCS

simulations. .

/| HiBg: , although the positive trends in cloud cover in September

were less than those in October

{ HiR&: 5

BiIBR: simulated linear

BllBR: . Positive trends were identified in the LE and SH fluxes
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sea ice coverage, with Jarger increase in October. That is pecause

the air temperature generally decreases more rapidly from September to October than the sea

surface temperature does, leading, the larger temperature difference between the atmosphere

and the sea surface in October. The increased LE and SH fluxes could, play, roles in the

increased cloud cover in October through enhanced unstable atmospheric condition and

increased water vaper. These results are also consistent with previous studies (Bliithgen et al.,

2012; Schweiger et al., 2008; Vavrus et al., 2011).

~

air temperature in cases with and without the substantial reduction of sea ice and those

differences between the cases in October, to clarify,a mechanism of the increase in cloud due

to the sea ice reduction (Fig. 8). In Fig. 8. the “ASI-” case is defined by grids with substantial

reduction in SIC (a linear trend in SIC of less than -0.1/decade). As shown in Fig. 3b, many of

the ASI- grids were located over a broad region, including the Laptev Sea, the East Siberian

Sea and the Beaufort Sea. The “ASI+” case is defined by grids without substantial reduction

in SIC (a linear trend, in SIC exceeding -0.1/decade) over a limited, latitude band (i.e.,

65°-73°N),_This limited latitude band was applied, to make a comparison between the cases

ASI- and ASI+, in similar latitude band, Although sea ice concentration averaged for ensemble

members decreases substantially in many grids of this latitude band as shown in Fig 3b, there

are grids without substantial reduction in SIC in ensemble members.

centered at the 6=0.9 level (approximately 830 m) (Figures & and &b). For the increased ///{ HIER: 6... and 86

cloud fraction, the cloud liquid water increased through large-scale condensation, although the
cloud ice showed little change. However, the cloud fraction decreased at levels below 6=0.95

(approximately 460 m). The cloud base height rose because of the reduced sea ice in the

case, ,Lhe relative humidity increased at levels between 6=0.9 and 6=0.8 (approximately 1840,
15

BiIBR: ly...reduction ined...sea ice coverage, with . The i?srgasg[i]n]]

HIBR: Differences in...the vertical profiles of cloud fractifml?%

... [14]

HIBR: At the 6=0.9 level, the cloud fraction increased by

approximately 15%. ...or the increased cloud fraction, the cloud

. [15]
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m) and decreased below ¢=0.9 for the ASI- case (Figs. 6¢c and 6d). Thes s HUBR: ai...I- case (Figs. 6c and 6d). Theseis

...results Werfas found
... [16]

consistent with the changes in cloud fraction. The simulated vertical structures of cloud

fraction and relative humidity in the latter period for the ASI- are very similar to those for low

sea ice years in the ERA-interim data sef, (Cuzzone and Vavrus, 2011) and those for

below-normal ice concentration in ERA-40 data set, (Schweiger et al., 2008), although the

values in this study differ from those in the reanalysis data sets. Furthermore, our results are |

consistent with those of the satellite measurements of Palm et al. (2010), which showed |
[

. o . |
increased autumnal clouds near the surface (within 500 m), over sea ice rather than open |

ocean.

JIhe specific humidity in the lower troposphere increased more markedly, in the ASI- case than -~ iﬁm: Figures 8

similar magnitude (dot-dot-dash lines in Figures &e and &f), to the increase in the specific I
W

\
humidity in the ASI- casg at levels wherg cloud fraction increased. Therefore, the relative '

W\ BIBR: fshow that ...t...e specific humidity in the lower tr

... [17]

humidity increased and enhanced the cloudiness at those, levels (Figures &b and 8d). On the [ R 6
\
other hand, jnjbiﬁnﬁ]gxefsﬁqegrﬁ t,hg éqrfagg ,the, lpgr,ea,sgs, i,n,the, §p§glﬁg hgn;n,dl,ty Yv,elie,sm,al,le,rj \\ \\\\ BllBR: Compared with the change in t...e saturated specifi .[1‘8]
BN ...
than those in gsat, The large increase in gsat within these thin layers was attributable to the ° \ \{ HIBR: 6... and 86 7
v\ L.

large increases in air temperature in the ASI- case. The air temperature increased_with the

Hll%: ....to the increase in the specific humidity in the Aa

-]

. . . Lo L . HBIB%: 6... and 86
maximum increase at the surface (Figs. 8g and 8h). Substantial increases in air temperature in \I "

hedl gl ]

... [21]

BiIR¥: However... in thin layers near the surface, the incr

the ASI- case were found between the surface and 6=0.85 (approximately 1200 m) (Figure §h).

... [22]

{am:s

N

:

Therefore, in the nearssurface layers, the relative humidity decreased, which would reduced

BiIBR: f.... Therefore, in the near-thin ...urface layers, the

4

... [23]

cloudiness. These changes in the simulated vertical structures of air temperature and specific

humidity from, the earlier period to the Jatter ong, for the ASI- case correspond with differences

in those between low sea ice years and high sea ice years in the ERA-interim dataset in
Cuzzone and Vavrus (2011), although the differences in cloud fractions in the layers near the
surface are much larger in the ERA-interim data set.

16
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1

2 troposphere probably-beeause-of-overal warming in-the Aretic-due to- global warming.-Fhus,-|
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3 the effect of global warming on the atmosphere, particularly in the boundary layer, appeared

4 in aregion of the Arctic Ocean without a reduction in sea ice; however, the effect was small. |

6  3.4. Cloud radiative forcing n
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9  the Arctic region, the DLR by clouds may play more, important role in the surface energy ' |
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11  radiation. Increase in cloud cover in the Arctic Ocean should increase the DLR at surface: N
i

i
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HBR: The lapse rate of the specific humidity in the Aai- case
became large throughout most of the lower tropospheric levels in the
latter period compared with the Aai+ case (Fig. 86e). This increase in
the lapse rate of the specific humidity in MIROCS reflected an
increase in water vapor from the open ocean and an enhancement in
the vertical water cycle, including convection, cloud, and
precipitation processes because simulated cloud fractions and
precipitation increase in addition to evaporation from the open ocean.
Much more water vapor from the open ocean can be vertically
transported to higher levels by vertical mixing and convection, and

the transported water vapor can then be removed from the
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the ASH-ecase were~smal - This result indicated that the-increased- CRF -of surface DPLR-was-

not negligible and potentially contributed to the increased radiation energy into the surface in

the grids with substantially reduced SIC, but thelarge positive ACSspir -was rather dominant-

\\\\ \[HUR ai

W\
VW N

LTI

W | HIBR: was

[T

N
‘\&\ W Iﬁ“ﬁ: found

wmoy

W
Vo
Vo

HlB%: during the period

thanACREsprRz — -~ — - - = -~ === = m — —m e - B

result indicated that reduced sea ice was unlikely to enhance differences in the variation of

surface DLR during summer in the MIROCS simulations.

To evaluate the relative importance of the changes in CRF of surface DLR to the changes in

((ACRF/ACS)sprr). The sign of the indexes was the same as that of ACRFspir since ACSsprr

was positive all months (Figs. 9a and 9b). The indexes for ASI- case was negative in summer,

increased approximately from 0.4 to 0.5 during September-December, reached at maximums

approximately 0.7, in January-March, and decreased in spring (Fig. 9b). However, it was

difficult to obtain a statistically significant result for the indexes during winter and spring,

since the uncertainties of the indexes (shades in Fig. 9b) were large from January to June due

to _the small sample numbers of ASI- grids in those months. Furthermore, the indexes in

summer for the both cases were similar since there were no substantial differences in

ACRFsprr and ACSsprr between the two cases (Fig. 9a).

By contrast, uncertainties in the indexes from October to December were small in both the

the surface DLR. The indexes during the period October-December showed that the all- sky

- - - - - - - IR
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\

\
\ \

due to reduced sea ice was not disregarded as a factor affecting Arctic warming. This finding

disagrees with Rinke et al. (2013). That would be attributed to the different definition between

with significant sea ice reduction was small during these seasons.

We also compared the change in CRF of the surface downward shortwave radiation (DSR)

close to zero during winter. Therefore, we concluded that the impact of cloud cover changes

resulting from reduced sea ice on the surface DSR was small during the fall.

4. Discussion

As shown in Figure 3b, increases in the simulated cloud cover were found in the Arctic Ocean
near the North Pole, where simulated sea ice did not decrease substantially. We investigated
the effect of changes in both the moisture convergence and the static stability in the lower
trend in the sea level pressure (SLP), moisture flux at 925 hPa, and the convergence in

October, which were averages of the ensemble members. The figure shows that the moisture

19
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AN

N
N

HiBR: was smaller

(D U U/ U Y Y, W U

) {H‘JR: (not shown)
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flux converged in the region with increased cloud cover. Therefore, the cloud cover in the
region near the North Pole increased in the lower troposphere due to the enhanced moisture

convergence despite the absence of a significant reduction in sea ice. However, we found by

v 10Ul | _ -

regions without large reductions in sea ice did not lead to increased cloud cover_in some of the
ensemble members. Therefore, enhanced moisture convergence may be insufficient to result
lapse rate of equivalent potential temperature between the surface and 6=0.9, which was also
averaged for the ensemble members. The figure shows that the static stability in the lower
troposphere decreased over most part of the Arctic Ocean, although large decreases in static
stability did not always correspond with large increases in cloud cover in regions without
large reductions in sea ice. This result was common in each ensemble member. Therefore, an
appropriate and systematic cause of the large increases in cloud cover over the region without

substantial reduction in sea ice remains unclear. It may be possible that the injection of much

moisture into the Arctic during October in recent years could be trapped more effectively

within lower tropospheric layers above the colder perennial ice pack and thus promote more

cloudiness in the latter period. To clarify this finding, more ensemble members may be

required in the experiment.

Under global warming conditions, both air temperature and humidity increase, complicating
the changes in Arctic cloud cover. Therefore, considering future Arctic cloud cover changes,
increases in both air temperature and humidity are crucial components in addition to sea ice
loss. With regard to the vertical profile of cloud cover changes, the level at which air
temperature and humidity increase under global warming conditions is important. Thus, fine

vertical resolution and boundary processes in the model may be primary factors for improving

20

){ BIRR: by analyzing the data in each ensemble member,
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the projections of Arctic cloud cover change related to global warming and sea ice loss in the

future.

Previous studies have argued for the role of changes in Arctic cloud cover in Arctic warming.
Significantly increased DLR due to cloud cover occurred in grids with significant reductions
in sea ice, whereas select studies have noted a reduced effect caused by the increase in cloud
cover on the surface DLR. These discrepancies should be related to the uncertainties of clouds
and cloud radiative forcing in individual models. The vertical profile of changes in cloud
cover is also strongly related to changes in cloud radiative forcing. Uncertainty in air
temperature and humidity increases may be among the causes. Therefore, further
investigations into Arctic cloud cover changes and feedback processes related to clouds are

needed.

With regard to the feedback between sea ice and clouds, the effects of cloud cover on sea ice
are also considerable. This study focused on the changes in Arctic cloud cover as a result of
reduced sea ice. However, we were unable to observe an effect of increased cloud cover on
sea ice reduction in our statistical analysis of inter-seasonal variations using monthly mean

data despite the increased surface DLR resulting from increased cloud cover.

5. Summary

This study investigated Arctic cloud cover changes resulting from reduced sea ice due to
global warming simulated by MIROCS to understand the effect of changes in the extent of
MIROCS simulations in summer and fall during the period 1976-2005, although small
negative trends in the winter and spring were found in limited regions. The temporal trend in
the simulated Arctic cloud cover was positive in fall, winter, and spring, reaching a maximum
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in October. This study focused on increases in the cloud fraction in October resulting from

reduced sea ice.

Results of the autocorrelation and the lead/lag correlation analysis suggest increase in cloud

cover during October is attributable to reduction of sea ice cover. Further, sensitivity

experiments with the different combinations of SIC, SST, and other forcing conditions in

cover causes increase in cloud cover; this result supports results of the lead/lag correlation

i —Z

analysis. ,

In the grids with reduced SICs (trends of less than -0.1 /decade) in the MIROCS simulations,

the cloud fraction in October increased at levels between 6=0.9 and 6=0.7. Because of the

temperatures increased the temperature gradient between the air and sea surface in October.
Therefore, the fluxes from the ocean to the atmosphere were enhanced in October rather than

in September. This effect resulted in a greater increase in the cloud fraction in October than in

There were several ensemble members in which the cloud cover increased in regions close to
the North Pole, where no substantial reductions in sea ice were simulated. However, a
plausible cause for this increase in the simulated cloud cover remains unclear despite our
analysis on the changes in water vapor convergence and the static stability in the lower
troposphere in each ensemble member. To clarify this dichotomy, more ensemble members

may be required in the experiment.
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BiIB%: In addition, from the large lapse rate of specific humidity
throughout the lower troposphere in grids with reduced SIC and
increased clouds and precipitation, we concluded that vertical water
cycles, including both cloud and precipitation processes, were
enhanced by the reduction in sea ice based on the MIROC5
simulations. Thus, water vapor was effectively transported to higher

levels, at which point cloud fractions increased due to vertical

mixing.
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The change in CRF as a result of reduced sea ice in the surface DLR was approximately
40-60% compared with a change in clear-sky surface DLR, which was considered as a change

in the surface DLR due to increases in air temperature and water vapor in grids with large sea

ice reductions in fall. Therefore, the change in CRF resulting from reduced sea ice must be

considered as a factor influencing Arctic warming:
This study analyzed data from only one climate model, i.e., MIROCS. Therefore, future
research topics include the sea ice—cloud cover relationship in multiple models and its
contribution to the uncertainty of future climate change projections. In the future, if the sea ice
retreats further in summer, fall, and spring, then the Arctic cloud cover could increase further,
and the effects of cloud cover could become stronger. Thus, further understanding and correct

projections of the relationship between sea ice and cloud cover are important for the analysis
|

of future global and Arctic climate change.
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<#>Sensitivity of Arctic cloud cover to sea ice reductions

Al. Sensitivity experiments with MIROC5-AGCM

To further examine the effect of reduced sea ice on Arctic cloud
cover, we conducted systematic sensitivity experiments with
MIROC5-AGCM. In the sensitivity experiments, the Arctic cloud
cover under different SST and sea ice conditions in the 1980s and
2000s were compared. Additionally, the impact of changes in other
forcings, such as greenhouse gases, aerosols, and land use, from the
1980s to 2000s on the Arctic cloud cover were examined. Table Al
shows the SST, sea ice, and other forcing conditions. These
experiments used climatological monthly mean SST and sea ice data,
which were obtained from historical MIROCS5 simulations. The SST
and SIC in the 1980s were averages over the period 1976-1985 in
the historical simulations. Moreover, both the SST and SIC in the
2000s comprised additive data from the 1980s and changes for the
following 20 years, which were estimated using the linear trend from
1976 to 2005 in the historical simulations. Because we had five
ensemble members in the historical simulations, each of the
sensitivity experiments consisted of five ensemble members, in
which combinations of the SST and sea ice based on each member
of the historical simulations were prescribed. Other conditions, such
as greenhouse gases, aerosols, and total solar irradiance, in the CTL
and other simulations corresponded to those in 1980 and 2000. The

sensitivity experiments were integrated for 30 years, and the last 20

years were used in this analysis.

A2. Results

Figure Ala shows the annual cycle of cloud cover averaged for the
Arctic Ocean. The annual cycle for the all simulations was similar to
that of the historical MIROCS simulations, although the cloud
coverage in July and August (from October to May) was slightly
smaller (larger) than that in the historical simulations.

Figure A1b shows the annual cycle of cloud cover differences from

the CTL simulation in each experiment. During fall, the cloud cover
... [28]
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Table 1. Sea surface temperature (SST). sea ice, and other forcing conditions in the sensitivity

experiments with MIROCS5-AGCM. Other forcings include land use, greenhouse gas

concentrations, aerosol emissions, and total solar irradiance. Data in the 1980s indicate an

average over the period 1976-1985, and the data in the 2000s combine data for the 1980s and

changes for the following 20 years, which were estimated using the linear trend from 1976 to

2005 in the historical simulations. The each experiment name except CTL indicates changes

of the condition from CTL. The letters of SI

SST, OF and ALL before 2000 in the name

indicate that sea ice, SST, other (atmospheric) forcings and all the three conditions in 1980 or

1980s were changed to in 2000 or 2000s, respectively.
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Table 1. Sea surface temperature (SST), sea ice, and other forcing conditions in the sensitivity

experiments with MIROC5-AGCM. Other forcings include land use, greenhouse gas

concentrations, aerosol emissions, and total solar irradiance. Data in the 1980s indicate an

average over the period 1976-1985, and the data in the 2000s combine data for the 1980s and

changes for the following 20 years, which were estimated using the linear trend from 1976 to

2005 in the historical simulations. The each experiment name except CTL indicates changes

of the condition from CTL. The letters of SI, SST, OF and ALL before 2000 in the name

indicate that sea ice, SST, other (atmospheric) forcings and all the three conditions in 1980 or

1980s were changed to in 2000 or 2000s, respectively.

Figure 1. a) Time series of the surface air temperature (SAT) anomaly from the 1951-1980
mean. Solid black, green, orange, and blue lines are the SAT anomalies averaged over
60-90°N in MIROCS5’s ensemble mean, MLOST, GISTEMP, and HadCRUT4, respectively.
The broken black line is the global and ensemble mean SAT anomaly in MIROCS. The gray
shaded area indicates the maximum and minimum SAT anomalies between the ensemble
members of MIROCS. b) Time series of the September sea ice extent. The black lines
represent the ensemble mean. The gray shaded area indicates the maximum and minimum
ensemble members. The purple line is the September sea ice extent calculated from HadISST.

The units of the SAT anomaly and sea ice extent anomaly are K and 10° km?, respectively.

Figure 2. Seasonal cycle of a) Arctic mean sea ice area averaged over the periods 1976-1985
and 1996-2005 in MIROCS and b) the difference between the means; ¢) and d) are identical to
a) and b) except for the total and low cloud covers. The unit of sea ice area is 10° km?.

28




10

11

12

13

14

15

16

17

18

19

20

21

22

23

Figure 3. Geographical map of the simulated linear trend in the total cloud cover (shaded) and
sea ice concentration (contours) in (a) September, (b) October, and (c) November during the
period 1976-2005. The units are decade™’. Dots indicate that the linear trend is not zero at the

95% significance level.

Figure 4. a) Autocorrelation coefficients in the sea ice concentration between September and
October in the MIROCS simulations. b) Correlation coefficients between cloud cover and sea
ice concentration in October in the MIROCS simulations. ¢) Autocorrelation (closed circles)
in the sea ice concentration (blue solid lines) and cloud cover (black solid lines), correlations
(closed diamonds) in the lead/lagged sea ice concentrations and October cloud cover (green
broken lines), and correlations in the October sea ice concentration and lead/lagged cloud
cover (red broken lines) in the MIROCS simulations. The correlation coefficients were

calculated using averages for the boxed region shown in a).

Figure 5. Seasonal cycle of a) Arctic total cloud cover in each sensitivity simulation using

MIROC5-AGCM and b) the difference from the control experiment.

« - (WREE: A2FUF E 0F )

Figure 6. Geographical map of the total cloud cover (shaded) and sea ice concentration®

VFUR AR FFEALFLR  0.02 F, }

(contours) in October in the sensitivity experiments and the differences between experiments.

sensible heat fluxes in (a, ¢) September and (b, d) October during the period 1976-2005. The
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units are W m* decade™!. A linear trend for the sea ice concentration (contours) is overlaid,

and the units are decade™'.

differences between average b) cloud fraction, d) relative humidity, f) specific humidity, and

h) air temperature in October in the MIROCS simulations for the periods 1976-1985 and

e) and f) indicate the saturated specific humidity. The units of air temperature and specific

humidity are K and g kg, respectively. Shading and error bars indicate the standard

(vectors), and convergence (shaded). The unit of the moisture flux trend is (kg kg™)(m s)

decade’’. b) Simulated linear trend in the lapse rate of the equivalent potential temperature
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1 between the surface and 0=0.9. The unit for the lapse rate of the equivalent potential

2 temperature is K/100 m/decade. The values were averaged over all ensemble members.
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Figure 1. a) Time series of the surface air temperature (SAT) anomaly from the 1951-1980 mean. Solid
black, green, orange, and blue lines are the SAT anomalies averaged over 60-90°N in MIROCS’s ensemble
mean, MLOST, GISTEMP, and HadCRUTH4, respectively. The broken black line is the global and ensemble
mean SAT anomaly in MIROCS. The gray shaded area indicates the maximum and minimum SAT
anomalies between the ensemble members of MIROCS. b) Time series of the September sea ice extent. The
black lines represent the ensemble mean. The gray shaded area indicates the maximum and minimum
ensemble members. The purple line is the September sea ice extent calculated from HadISST. The units of

the SAT anomaly and sea ice extent anomaly are K and 10° km?, respectively.
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Figure 2. Seasonal cycle of a) Arctic mean sea ice area averaged over the periods 1976-1985 and
1996-2005 in MIROCS and b) the difference between the means; c¢) and d) are identical to a) and b) except

for the total and low cloud covers. The unit of sea ice area is 10° km?.
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Figure 3. Geographical map of the simulated linear trend in the total cloud cover (shaded) and sea ice
concentration (contours) in (a) September, (b) October, and (¢) November during the period 1976-2005.

The units are decade™. Dots indicate that the linear trend is not zero at the 95% significance level.
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Figure 4. a) Autocorrelation coefficients in the sea ice concentration between September and October in the

MIROCS simulations. b) Correlation coefficients between cloud cover and sea ice concentration in October

in the MIROCS simulations. ¢) Autocorrelation (closed circles) in the sea ice concentration (blue solid

lines) and cloud cover (black solid lines), correlations (closed diamonds) in the lead/lagged sea ice

concentrations and October cloud cover (green broken lines),

concentration and lead/lagged cloud cover (red broken lines) in the MIROCS simulations. The correlation

and correlations in the October sea ice

coefficients were calculated using averages for the boxed region shown in a).
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Figure 5. Seasonal cycle of a) Arctic total cloud cover in each sensitivity simulation using

MIROC5-AGCM and b) the difference from the control experiment.

36



a)  COORR (0CT)  CTL b)  CCOVR (0C)  ALL2000

0.9

0.8
0.7
0.6
0.5
0.4
Q.3
0.2
0.1

¢) CCOVER(0CT)  OF2000-CTL  d)  CCOVRR (0CT)  SIOF2000-CTL

0.05
0.04
0.03

0.02

e) CCOVR (OCT) ssToFzopo-cTL  £)  CCOVER (OCT)  ALL2000-CTL

-0.05
— 01
—-0.15
—-02

Figure 6. Geographical map of the total cloud cover (shaded) and sea ice concentration

(contours) in October in the sensitivity experiments and the differences between

experiments.

37



U R W N

Trend 1976-2005

a) evap SEP [W/m*2/decade] ¢) sens SEP [W/m*2/decade]
> b
i

b) evap OCT [W/m*2/decade
i
e '

Latent & Sensible Heat Flux Sea lce Concentration
— -0.05
2 4 3] — 01
— -0.15
— -0.2

in (a, c) September and (b, d) October during the period 1976-2005. The units are W m decade™'. A linear

trend for the sea ice concentration (contours) is overlaid, and the units are decade™.
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8  dot-dot-dash lines in e) and f) indicate the saturated specific humidity. The units of air temperature and
9  specific humidity are K and g kg™!, respectively. Shading and error bars indicate the standard deviations for
| 10 the ensemble members in the ASI- and A SI+ cases, respectively.
11
12
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Table and Figure captions in Appendix
Table Al. Sea surface temperature (SST), sea ice, and other forcing

""" conditions in the sensitivity experiments with MIROC5-AGCM.

1]
Other forcings include land use, greenhouse gas concentrations,

aerosol emissions, and total solar irradiance. Data in the 1980s

[ |
-05 -04 -03 -02 -01 o n
Diverg ence ’T: indicate an average over the period 1976-1985, and the data in the

I

11| 2000s combine data for the 1980s and changes for the following 20
b) Trend d 6 e/dz [K/100m/decade] I

Il | years, which were estimated using the linear trend from 1976 to

1

g 2005 in the historical simulations.

Ll
Figure Al. Seasonal cycle of a) Arctic total cloud cover in each

Ll
sensitivity simulation using MIROC5-AGCM and b) the difference

00 from the control experiment.

Figure A2. Geographical map of the total cloud cover (shaded) and
! sea ice concentration (contours) in October in the sensitivity

1 . . .
experiments and the differences between experiments.

i -y

1
Table Al. Sea surface temperature (SST), sea ice, and other forcing

-0.3 -0.25 0.2 -0.15 -01 -0.05 0 005 1 g
; : conditions in the sensitivity experiments with MIROC5-AGCM.
JFigure 10, a) Simulated linear trend in sea level pressure (contours), moisture flux at 925 hPa (vectors), and J i Other forcings include land use, greenhouse gas concentrations,
convergence (shaded). The unit of the moisture flux trend is (kg kg'')(m s!) decade™. b) Simulated linear :‘ aerosol emissions, and total solar irradiance. Data in the 1980s
trend in the lapse rate of the equivalent potential temperature between the surface and ¢ =0.9. The unit for | indicate an average over the period 1976-1985, and the data in the
the lapse rate of the equivalent potential temperature is K/100 m/decade. The values were averaged over all | 2000s combine data for the 1980s and changes for the following 20
'ensemble members. \' years, which were estimated using the linear trend from 1976 to
7777777777777777777777777777777777777777777777777777777777 2005 in the historical simulations.
Exp. Name Tl
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