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Abstract 18 

This study investigates the effect of sea ice reduction on Arctic cloud cover in historical 19 

simulations with the coupled Atmosphere-Ocean general circulation model MIROC5. Arctic 20 

sea ice has been substantially retreating since the 1980’s, particularly in September, under 21 

simulated global warming conditions. The simulated sea ice reduction is consistent with 22 
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satellite observations. On the other hand, Arctic cloud cover has been increasing in October, 1 

with about one month lag behind the sea ice reduction. The delayed response leads to extensive 2 

sea ice reductions because the heat and moisture fluxes from the underlying open ocean into 3 

the atmosphere are enhanced. Sensitivity experiments with the atmospheric part of MIROC5 4 

clearly show that sea ice reduction causes increases in cloud cover. Arctic cloud cover increases 5 

primarily in the lower troposphere but it decreases in the near-surface layers just above the 6 

ocean; predominant temperature rises in these near-surface layers cause drying (i.e. decreases 7 

in relative humidity), despite of increasing moisture flux. Cloud radiative forcing due to 8 

increases in cloud cover in autumn brings an increase in the surface downward longwave 9 

radiation (DLR) by approximately 40-60% compared to changes in clear-sky surface DLR in 10 

fall. These results suggest that an increase in Arctic clouds cover as a result of reduced sea ice 11 

coverage may bring further sea ice retreat and enhance the feedback processes of Arctic 12 

warming.  13 

 14 

1. Introduction 15 

Satellite observations have shown that Arctic sea ice has decreased gradually since the 1980s 16 

(Comiso et al., 2008). Recent significant reductions in Arctic sea ice occurred in 2007 and 2012. 17 

A further reduction in Arctic sea ice is likely to result from future global warming. In turn, the 18 

reduction in sea ice can accelerate surface warming in the Arctic region through various 19 

feedback processes. A major feedback process in climate change is the ice-albedo feedback, in 20 

which reduced sea ice decreases the global albedo and increases shortwave radiation entering 21 

the climate system (e.g.,Curry et al., 1995; Dickinson et al., 1987; Manabe and Stouffer, 1980; 22 

Perovich et al., 2007). This feedback is likely to occur in high-latitude regions, where snow 23 

cover and sea ice are seasonally extended. However, as Yoshimori et al. (2014) mentioned with 24 
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the climate model results that Arctic surface warming in autumn-winter is attributed to seasonal 1 

reduction of ocean heat storage and increased cloud greenhouse effect, other processes such as 2 

ocean heat uptake process, atmospheric stability, and low-level cloud response may require 3 

further attention to better understand the Arctic warming mechanism. 4 

The reduction in sea ice also involves other feedback processes in the Arctic region (Serreze 5 

and Barry, 2011). Previous studies have suggested that extended periods of open ocean resulting 6 

from reductions in sea ice increase Arctic cloud cover and enhance Arctic amplification (e.g., 7 

Holland and Bitz, 2003; Screen and Simmonds, 2010; Serreze and Barry, 2011; Vavrus et al., 8 

2009; Yoshimori et al., 2014). Liu et al. (2012) used satellite data to show that a 1% decrease 9 

in sea ice concentration leads to a 0.36-0.47% increase in cloud cover. These authors also 10 

suggested that the total variance in cloud cover from July to November can be explained by the 11 

sea ice-cloud feedback. Recent ship observations have found that cloud base heights tend to 12 

increase in September over the Arctic Ocean without sea ice cover due to heating from the 13 

ocean (Sato et al., 2012). This heating is enhanced because of the increased temperature 14 

gradient between the atmosphere and the ocean, weakening the stable conditions in the 15 

atmospheric boundary layer. This previous study indicated that convective clouds become more 16 

numerous over the Arctic Ocean. However, whereas Kay and Gettelman (2009) showed that 17 

increased turbulent transport of heat and moisture promotes low-cloud formation, Schweiger et 18 

al. (2008) showed that low-level clouds may decrease and middle-level clouds simultaneously 19 

increase in coverage because the decreased static stability and a deepening atmospheric 20 

boundary layer contribute to a rise in the cloud level. Simulations run by Porter et al. (2012) 21 

with the Weather Research Forecasting (WRF) model support an increase in middle-level 22 

clouds in September and increases in low-level cloud cover from October to November. The 23 

cloud cover change resulting from sea ice loss and its vertical profile are under debate. 24 
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Wu and Lee (2012) suggested that the enhanced downward longwave radiation (DLR) resulting 1 

from increased cloud cover may have been responsible for the enhanced autumnal increase in 2 

the surface air temperature (SAT). In addition, the enhanced DLR can prolong the sea ice melt 3 

seasons and lead to a positive feedback involving Arctic sea ice loss (Serreze and Barry, 2011). 4 

However, Schweiger et al. (2008) concluded that the radiative effect of this change is relatively 5 

small because the direct radiative effects of cloud cover changes are compensated by changes 6 

in the temperature and humidity profiles associated with varying ice conditions. A regional 7 

climate model simulation has also shown that the radiative effect of cloud cover changes is 8 

likely to be smaller than that of changes in air temperature and humidity (Rinke et al., 2013). 9 

Because of the deficiency in observed radiation data at the surface, the radiative effect of cloud 10 

clover changes in the Arctic warming remains controversial.  11 

In addition to the analysis of observations, several studies have employed climate model 12 

simulations. Climate models that have simulated sea ice reduction show that Arctic cloud cover 13 

increases in fall (Vavrus et al., 2011; Vavrus et al., 2009). An increased area of open ocean 14 

enhances the heat and moisture transport from the ocean to the atmosphere, resulting in 15 

increased cloudiness. These studies have analyzed the change in cloudiness resulting from sea 16 

ice losses in simulations with increased greenhouse gas concentrations. The effects of reduced 17 

sea ice in these analyses are stronger than those occurring in the late 20th century. Therefore, 18 

these results are not always appropriate for the change in Arctic cloudiness that has occurred 19 

since the late 20th century, in which sea ice has only decreased in limited regions. These 20 

investigations may be insufficient to understand recently observed events and may not 21 

effectively explain recent processes in simulated climate models. 22 

As noted above, several studies have investigated Arctic cloud cover changes during recent 23 

global warming. However, debate surrounds the change in Arctic cloudiness and the lack of an 24 

understanding of the effect of reduced sea ice on Arctic cloud cover because of insufficient 25 
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observational data and longstanding difficulties in representing realistic polar clouds in climate 1 

models. In addition, the radiative effect of cloud cover changes at the surface is difficult to 2 

accurately measure because of the dark seasons and sea ice cover. In this study, we investigate 3 

the temporal trends of Arctic cloud cover changes during recent global warming simulated by 4 

a state-of-the-art climate model (i.e., MIROC5) and focus on the effects of reduced sea ice. The 5 

simulated vertical structure of cloud cover change is analyzed using a composite analysis 6 

technique because of continued controversy regarding the vertical profile of cloud changes. 7 

Furthermore, to provide information on the role of Arctic clouds in the mechanism of Arctic 8 

warming, this study evaluates the relative importance of changes in cloud radiative forcing on 9 

the surface DLR versus those due to increased air temperature and water vapor. The Arctic 10 

cloud cover changes resulting from reduced sea ice in climate model simulations should be 11 

informative for understanding the mechanism underlying future changes in Arctic clouds and 12 

Arctic warming. 13 

The next section explains the coupled atmosphere-ocean general circulation model (MIROC5) 14 

used in this study and its 20th century simulation. The third section reports the results for the 15 

Arctic cloud cover changes resulting from retreating sea ice and for causality between changes 16 

in Arctic cloud cover and sea ice by the lead/lag correlation analysis of the historical simulations 17 

and the sensitivity experiments with the atmospheric GCM. We then discuss the relationship 18 

between changes in Arctic cloud cover and sea ice changes, and the paper concludes with a 19 

summary. 20 

 21 

2. Model and Experiments 22 

We analyze historical simulations using a coupled atmosphere-ocean general circulation model, 23 

i.e., MIROC5 (Watanabe et al., 2010), which was used in the Coupled Model Intercomparison 24 
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Project Phase 5 (CMIP5). The atmospheric portion of MIROC5 is based on the global spectral 1 

dynamical core and includes a standard physical package. The atmospheric resolution is 2 

T85L40, with a top at 3 hPa. The ocean general circulation model in MIROC5 is the CCSR 3 

(Center for Climate System Research, University of Tokyo) Ocean Component Model (COCO) 4 

version 4.5 (Hasumi, 2007). The zonal resolution of the ocean is fixed at 1.4°, whereas the 5 

meridional resolution is 0.5° at latitudes equatorward of 8° and 1.4° at higher latitudes 6 

(poleward of 65°), with a smooth transition in between (256 × 224 grid points for the zonal and 7 

meridional directions, respectively). The model has 49 vertical levels, and the spacing varies 8 

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 9 

250 m below a depth of 2000 m. The sea ice in each horizontal grid is divided into five ice 10 

thickness categories in addition to open water. The lower bounds of ice thickness for these 11 

categories are 0.3, 0.6, 1.0, 2.5, and 5.0 m. The sea ice concentration, ice thickness, and energy 12 

of ice melting are predicted for the five categories in a grid cell (Komuro et al., 2012). In the 13 

sea ice model, thermodynamic variables for each category, such as sea ice concentration and 14 

thickness, are advected by the sea ice horizontal velocity, which conserves ice volume and is 15 

common for all categories in a grid. 16 

 Historical simulations are performed from 1850 to 2005 using anthropogenic forcings 17 

recommended by the CMIP5 project. In the simulation, changes in the solar constant are applied 18 

according to Lean et al. (2005). Also, the optical thickness of volcanic stratospheric aerosols 19 

are given by Sato et al. (1993), and subsequent updates are available 20 

(http://data.giss.nasa.gov.modelforce/strataer/). Beginning in 1998, the optical thickness of the 21 

volcanic stratospheric aerosols are assumed to exponentially decrease with a one-year 22 

relaxation time.  23 
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The historical simulation using MIROC5 has five ensemble members with different initial 1 

conditions. In this study, monthly mean data are used, and sea ice concentration data are 2 

interpolated to correspond with the atmospheric horizontal grids.  3 

To further examine the effect of reduced sea ice on Arctic cloud cover, we conducted systematic 4 

sensitivity experiments with MIROC5-Atmospheric GCM (AGCM). In the sensitivity 5 

experiments, the Arctic cloud cover under different combinations of SST and sea ice conditions 6 

in the 1980s and 2000s were compared. Additionally, the impact of changes in other forcings, 7 

such as greenhouse gases, aerosols, and land use, from the 1980s to 2000s on the Arctic cloud 8 

cover were examined. Table 1 shows the SST, sea ice, and other forcing conditions. These 9 

experiments used climatological monthly mean SST and sea ice data, which were obtained from 10 

historical MIROC5 simulations. The SST and SIC in the 1980s were averaged over the period 11 

1976-1985 in the historical simulations. Both the SST and SIC in the 2000s comprised additive 12 

data from the 1980s and changes for the following 20 years, which were estimated using the 13 

linear trend from 1976 to 2005 in the historical simulations. Because we had five ensemble 14 

members in the historical simulations, each of the sensitivity experiments consisted of five 15 

ensemble members, in which combinations of the SST and sea ice based on each member of 16 

the historical simulations were prescribed. Other forcing conditions, such as greenhouse gases, 17 

aerosols, and total solar irradiance, in the CTL and other simulations corresponded to those in 18 

1980 and 2000. The sensitivity experiments were integrated for 30 years, and the last 20 years 19 

were used in this analysis. Results of the sensitivity experiments are described in subsection 20 

3.2.2. 21 

The time series of SAT anomalies (ΔSAT) from the 1951-1980 average, which were averaged 22 

for both global and the high-latitude regions (60-90°N) during the period 1900-2005, are shown 23 

in Fig. 1a. A small increasing trend in the global mean ΔSAT occurred during the period 1900-24 

1960, although the interannual variations of the global mean ΔSAT were dominant. Since the 25 
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1970s, the global mean ΔSAT has increased. The increasing trend in the global mean ΔSAT was 1 

approximately 0.2 K/decade. Conversely, the ΔSAT (60-90°N) varied between -1.0°C and 2 

+1.0°C until 1970. The ΔSAT (60-90°N) began to increase in the 1970s, reaching 1°C in the 3 

2000s. The warming rate from 1976 to 2005 was approximately 0.6 K/decade, which is at least 4 

twice as high as the warming rate for the global mean ΔSAT. This result clearly reveals the 5 

Arctic Amplification (AA), indicating that the MIROC5 is able to simulate the AA in historical 6 

simulations. The positive trend for ΔSAT (60-90°N) for the period 1970-2005 in MIROC5 7 

agrees with the observationally based ΔSAT (60-90°N) data from the Merged Land and Ocean 8 

Temperature Analysis (MLOST) (Smith et al., 2008), HadCRUT4 (Morice et al., 2012) and 9 

GISS Surface Temperature Analysis (GISTEMP) (Hansen et al., 2010). 10 

The time series of the September Arctic sea ice area (SIA) is shown in Figure 1b. As the SAT 11 

in the northern high latitude increased, the Arctic SIA significantly decreased. This decrease 12 

from the 1970s was common in all ensemble members. This simulated negative trend in the 13 

Arctic SIA averaged for ensemble members agrees with that from the Hadley Center Sea Ice 14 

and Sea Surface Temperature data set (HadISST) (Rayner et al., 2003), although the simulated 15 

SIA is slightly larger than that from the HadISST.  16 

 17 

3. Results 18 

3.1. Simulated change of Arctic sea ice and clouds 19 

According to observations, the seasonal minimum SIA occurs in September, and Arctic sea ice 20 

cover generally begins to recover in October. The overall feature of the Arctic SIA seasonal 21 

cycle (e.g., summer reduction and fall recover) were reproduced by MIROC5, though there are 22 

small differences between the observations and simulations (Komuro et al., 2012). Figure 2a 23 

shows the simulated seasonal SIA cycle in MIROC5, averaged for the periods 1976-1985 (blue 24 
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line) and 1991-2005 (red line), has a maximum in March and a minimum in August. Figure 2b 1 

displays the changes in the simulated seasonal cycle between the two periods, 1976-1985 and 2 

1991-2005. The decreases in the simulated Arctic SIA in all months and the maximum reduction 3 

in September, consistent with observations of the Arctic SIA (Comiso et al., 2008), probably 4 

due to recent global warming are found. 5 

 As for the simulated cloud cover averaged over the Arctic Ocean (Figures 2c and 2d), low-6 

level cloud cover is at maximum of 50% in summer and continuously decreased during fall and 7 

winter, reaching a minimum in April. The simulated seasonal amplitude of the total cloud cover 8 

was similar to that of the low-level clouds; the seasonal cycle of the total cloud cover can be 9 

explained by the low-level clouds in MIROC5. The seasonal cycle of the total cloud cover 10 

averaged over the Arctic Ocean by MIROC5 was similar to the observed climatological ones 11 

by the TOVS satellite (Schweiger et al., 1999) and surface observations (Hahn et al., 1995). 12 

The simulated Arctic cloud cover for fall, winter, and spring increased between two periods, 13 

1976-1985 and 1996-2005 (Fig. 2d), although the change was not substantial. The largest 14 

increase in simulated cloud cover in October agrees with previous studies using satellite data 15 

and climate model simulations (Liu et al., 2012; Vavrus et al., 2011; Wu and Lee, 2012).  16 

Geographical match of the reduction of sea ice and the increase in cloud cover in the Arctic 17 

Ocean is crucial to discuss the interaction between changes in sea ice and cloud cover in the 18 

Arctic Ocean. The geographical distributions of the simulated linear trends in total cloud cover 19 

and sea ice concentrations (SICs) from 1976 to 2005 in September, October, and November are 20 

shown in Fig 3. The linear trends were calculated using the least squares method at each grid, 21 

and tested for statistical significance to determine whether the trend was zero using a t-test. In 22 

September (Fig 3a), negative trends in SIC were found over the Laptev Sea, the East Siberian 23 

Sea and the Beaufort Sea, in addition to those in the Atlantic sector, the Kara Sea and the Barents 24 
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Sea. As for cloud cover, only a small increasing trend was appeared to the coast of the East 1 

Siberian Sea and the northern Bering Strait.  2 

Negative trends in SICs remained in October (Fig 3b), although the area with substantial 3 

negative trends became smaller than that in September. However, the positive trends in cloud 4 

cover expanded broadly over the Arctic Ocean. In the region of the East Siberian, Chukchi and 5 

Beaufort Seas, where SICs showed markedly decreasing trend, the larger positive trends in 6 

cloud cover were found. At the same time, the heights of the simulated cloud tops and bases 7 

increased predominantly in regions with the large reductions in SIC during October, which was 8 

also common in September. Those results implies that increased cloud cover was caused by the 9 

reduction in SICs. It is noteworthy that the simulated cloud cover increased substantially over 10 

the Arctic Ocean north of the Beaufort Sea without large negative trends in the simulated SIC. 11 

On the other hand, there is no significant positive trend in cloud cover with the substantial SIC 12 

reduction in the Barents Sea and near Greenland. It is possible that in the Barents Sea and near 13 

Greenland, the dynamic impact in the atmosphere from the lower latitudes may weaken the 14 

thermodynamic effect resulting from the increased open ocean in some ensemble members in 15 

MIROC5 simulations, since there were major atmospheric flows from the lower latitude during 16 

fall in these regions. 17 

In November (Fig 3c), the large negative trends in SIC were limited to the Barents Sea, the 18 

Bering Strait and the coasts of Greenland with a significant increase in cloud cover. This result 19 

also supports the idea that cloud cover increases because of reduced sea ice. In winter, cloud 20 

cover increased over grids with reduced sea ice, similar to that in November. However, the 21 

change in the simulated Arctic cloud cover in November and winter were less dominant than 22 

that in October because the sea ice reductions were smaller. In the following sections, the 23 

increased cloud cover in October is examined.  24 



11 
 

 1 

3.2. Causality between changes in Arctic sea ice and cloud 2 

3.2.1. Autocorrelation and lead/lag correlation analysis 3 

We have analyzed causality between reductions of SIC and increasing cloud cover with the 4 

autocorrelation and lead/lag correlation analysis during 1976-2005. In addition to negative 5 

correlation between cloud cover and SIC in October, negative correlation between cloud cover 6 

in October and sea ice in September would mean reduction in sea ice causes increase in cloud 7 

cover. Figures 4a shows the geographical distribution of one-month-lagged autocorrelations of 8 

sea ice concentrations between September and October, and Figure 4b does that of 9 

instantaneous correlations of cloud cover and sea ice concentrations in October. For the 10 

autocorrelation in sea ice concentration between September and October, large positive 11 

correlation coefficients were found over most of the Arctic Ocean; the correlation coefficient 12 

exceeded 0.6 from the Beaufort Sea to the Barents Sea (Fig. 4a). As for the temporal changes 13 

of the autocorrelation in the representative sub-region of the Arctic Ocean (109-221°E, 69-14 

78°N), shown with the broken line in Fig. 4a, it was high for SIC (blue circle in Fig. 4c), and 15 

become low in early and late months more slowly than that for the cloud cover (black circle in 16 

Fig. 4c). That is because SIC has a substantially longer memory than cloud cover. These results 17 

imply that sea ice changes in October tend to depend on sea ice changes in September in 18 

MIROC5; i.e., small SIC in September is likely to results in small SIC in October. 19 

Stronger negative correlations between SIC and cloud cover in October were found in the grids 20 

with large negative trends in SIC during 1976-2005 (Fig. 4b). This means that the increased 21 

cloud cover was associated with a smaller SIC. The negative relationship between SIC and 22 

cloud cover in MIROC5 agrees with the observed results in Palm et al. (2010) and Liu et al. 23 

(2012). Lead/lag correlations in the Arctic subregion demonstrated that cloud cover in October 24 
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was negatively correlated with the lead/lagged SIC (red diamond in Fig. 4c). For instance, the 1 

red diamond for a lead/lag of -1 (+1) represents where SIC in September (November) leads 2 

(lags) cloud cover in October. This negative correlation of cloud cover in October with SIC in 3 

September suggested that small SIC continuing from September led to increased cloud cover 4 

in October. In addition, the autocorrelation of the cloud cover between September and October 5 

(approximately 0.42) was weaker than the negative correlation between the cloud cover in 6 

October and SIC in September (approximately -0.6), hence the increased cloud cover in October 7 

is unlikely to represent a continuing increase in cloud cover from September in MIROC5. 8 

However, SIC in October was also negatively correlated with lead/lagged cloud cover (green 9 

diamond in Fig. 4c). The green diamond for a lead/lag of -1 (+1) represents where cloud cover 10 

in September (November) leads (lags) SIC in October. The correlation of SIC in October and 11 

cloud cover in September (green diamond) was weaker than that of cloud cover in October and 12 

SIC in September (red diamond), as shown at an abscissa -1 of the lead/lag month in Fig. 4c. 13 

Therefore, we concluded that cloud cover is likely to increase due to a decrease in SIC during 14 

October in MIROC5. This result agrees with the previous study with satellite data by Liu et al. 15 

(2012) in which decreases in SIC lead to increases in cloud cover. 16 

Although the correlation of cloud cover in October and SIC in November was strong in the 17 

MIROC5 simulations (red diamond in Fig. 4c), the autocorrelation of sea ice between October 18 

and November remained strong. Thus, changes in SIC in November may be strongly reflected 19 

by those in October rather than the impact of cloud cover in October on SIC in November. 20 

Importantly, because this correlation analysis used monthly mean data, correlations between 21 

variables at time scales smaller than one month remain unclear.  22 

 23 

3.2.2. Sensitivity experiment by using atmospheric GCM 24 
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To further examine the effect of reduced sea ice on Arctic cloud cover, we conducted sensitivity 1 

experiments with atmospheric component of MIROC5 (MIROC5-AGCM) under different 2 

combinations of SST, sea ice and other forcings, such as greenhouse gases, aerosols, and land 3 

use, in 1980s to 2000s (Table 1). The setting of these experiments is described in section 2. 4 

The annual cycles of cloud cover averaged for the Arctic Ocean were reasonably simulated and 5 

similar to that in the historical MIROC5 simulations in all of the sensitivity simulations, though 6 

the cloud coverage in July and August (from October to May) was slightly smaller (larger) than 7 

that in the historical simulations (Fig. 5b). Causes of these differences between the sensitivity 8 

experiments and the historical runs might be that changes in SST and sea ice and variability of 9 

interactions between atmosphere and ocean (sea ice) in time-scale smaller than month are not 10 

included in the sensitivity experiments, and also that the internal variability in atmospheric 11 

circulation varies between the sensitivity experiments and the historical runs. 12 

As shown in Fig. 2c, the Arctic cloud cover is expected to increase due to reduction of sea ice 13 

cover in SIOF2000 and ALL2000, which include substantial reduction of Arctic sea ice. Figure 14 

5b shows the annual cycle of cloud cover differences from the CTL simulation in each 15 

experiment. During fall, the differences in the SIOF2000 and ALL2000 experiments were 16 

largest, which was similar to the historical simulations shown in Fig. 2d. On the other hand, the 17 

differences are quite small in OF2000 and SSTOF2000, which do not include reduction of sea 18 

ice (Figs. 5b). These results clearly indicate that the Arctic cloud cover in fall increases only 19 

when sea ice cover is reduced, but that does not change remarkablly when sea ice cover is not 20 

reduced. We here focused on the differences in cloud cover in October because increased cloud 21 

cover in October was the focus of the historical simulation analysis. 22 

Geographical agreement of the differences in cloud cover and sea ice cover is important to 23 

prove the impact of sea ice reduction on cloud cover increase, as examined in the historical 24 



14 
 

simulations (Fig. 3). The geographical maps of cloud cover in October for the CTL and 1 

ALL2000 experiments and the differences in each experiments from CTL are shown in Fig. 6. 2 

Increases in cloud cover are remarkable in the SIOF2000 and ALL2000 experiments 3 

particularly at the grids with large sea ice reductions (Figs. 6d and 6f). These indicate that the 4 

large increases in cloud cover are due to sea ice reduction. In contrast, there is no remarkable 5 

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

reductions was not included. These results strongly imply that the sea ice reduction caused the 7 

increased cloud cover. Additionally, cloud cover increased in October when sea ice was reduced, 8 

even if the SST remained unchanged since 1980s (Fig. 6d). Furthermore, changes in SST and 9 

other forcing conditions (except for sea ice) from 1980s to 2000s did not increase cloud cover 10 

(Figs. 6c and 6e). These results agree with the results from the historical MIROC5 simulations. 11 

Therefore, we could conclude that the increased Arctic cloud cover was caused by the sea ice 12 

reductions at least in the MIROC5-AGCM simulations.  13 

Unfortunately, using these sensitivity experiments, we could not assess the impact of increased 14 

cloud cover on sea ice reduction, which is a future consideration.  15 

 16 

3.3. Cloud cover changes resulting from reduced sea ice 17 

The following sections return to results from the historical simulations by MIROC5. As shown 18 

in Figure 3, the retreating Arctic sea ice in September and October was substantial in the 19 

MIROC5 simulations. As a consequence of the extended open ocean, vertical heat and moisture 20 

fluxes from the ocean to the atmosphere are enhanced. Figure 7 shows the increasing trends in 21 

the latent heat (LE) and sensible heat (SH) fluxes in September and October in grids with 22 

substantial reduction in sea ice coverage, with larger increase in October. That is because the 23 

air temperature generally decreases more rapidly from September to October than the sea 24 
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surface temperature does, leading the larger temperature difference between the atmosphere and 1 

the sea surface in October. The increased LE and SH fluxes could play roles in the increased 2 

cloud cover in October through enhanced unstable atmospheric condition and increased water 3 

vaper. These results are also consistent with previous studies (Blüthgen et al., 2012; Schweiger 4 

et al., 2008; Vavrus et al., 2011).  5 

We compared the vertical profiles of cloud fraction, relative humidity, specific humidity and air 6 

temperature in cases with and without the substantial reduction of sea ice and those differences 7 

between the cases in October, to clarify a mechanism of the increase in cloud due to the sea ice 8 

reduction (Fig. 8). In Fig. 8, the “ΔSI-” case is defined by grids with substantial reduction in 9 

SIC (a linear trend in SIC of less than -0.1/decade). As shown in Fig. 3b, many of the ΔSI- grids 10 

were located over a broad region, including the Laptev Sea, the East Siberian Sea and the 11 

Beaufort Sea. The “ΔSI+” case is defined by grids without substantial reduction in SIC (a linear 12 

trend in SIC exceeding -0.1/decade) over a limited latitude band (i.e., 65°-73°N). This limited 13 

latitude band was applied to make a comparison between the cases, ΔSI- and ΔSI+, in similar 14 

latitude band. Although sea ice concentration averaged for ensemble members decreases 15 

substantially in many grids of this latitude band as shown in Fig 3b, there are grids without 16 

substantial reduction in SIC in ensemble members.  17 

In the ΔSI- case, the cloud fraction increased by approximately 4% in the lower troposphere 18 

centered at the σ=0.9 level (approximately 830 m) (Figures 8a and 8b). For the increased cloud 19 

fraction, the cloud liquid water increased through large-scale condensation, although the cloud 20 

ice showed little change. However, the cloud fraction decreased at levels below σ=0.95 21 

(approximately 460 m). The cloud base height rose because of the reduced sea ice in the ΔSI- 22 

case. The relative humidity increased at levels between σ=0.9 and σ=0.8 (approximately 1840 23 

m) and decreased below σ=0.9 for the ΔSI- case (Figs. 6c and 6d). These results were consistent 24 

with the changes in cloud fraction. The simulated vertical structures of cloud fraction and 25 
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relative humidity in the latter period for the ΔSI- are very similar to those for low sea ice years 1 

in the ERA-interim data set (Cuzzone and Vavrus, 2011) and those for below-normal ice 2 

concentration in ERA-40 data set (Schweiger et al., 2008), although the values in this study 3 

differ from those in the reanalysis data sets. Furthermore, our results are consistent with those 4 

of the satellite measurements of Palm et al. (2010), which showed increased autumnal clouds 5 

near the surface (within 500 m) over sea ice rather than open ocean.  6 

The specific humidity in the lower troposphere increased more markedly in the ΔSI- case than 7 

in the ΔSI+ case (Figs. 8e and 8f). The saturated specific humidity (qsat) also increased by 8 

similar magnitude (dot-dot-dash lines in Figures 8e and 8f) to the increase in the specific 9 

humidity in the ΔSI- case at levels where cloud fraction increased. Therefore, the relative 10 

humidity increased and enhanced the cloudiness at those levels (Figures 8b and 8d). On the 11 

other hand, in thin layers near the surface, the increases in the specific humidity were smaller 12 

than those in qsat. The large increase in qsat within these thin layers was attributable to the 13 

large increases in air temperature in the ΔSI- case. The air temperature increased with the 14 

maximum increase at the surface (Figs. 8g and 8h). Substantial increases in air temperature in 15 

the ΔSI- case were found between the surface and σ=0.85 (approximately 1200 m) (Figure 8h). 16 

Therefore, in the near-surface layers, the relative humidity decreased, which would reduced 17 

cloudiness. These changes in the simulated vertical structures of air temperature and specific 18 

humidity from the earlier period to the latter one for the ΔSI- case correspond with differences 19 

in those between low sea ice years and high sea ice years in the ERA-interim dataset in Cuzzone 20 

and Vavrus (2011), although the differences in cloud fractions in the layers near the surface are 21 

much larger in the ERA-interim data set.  22 

Also in the ΔSI+ case, the specific humidity and air temperature increased in the lower 23 

troposphere probably because of overall warming in the Arctic due to global warming. Thus, 24 
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the effect of global warming on the atmosphere, particularly in the boundary layer, appeared in 1 

a region of the Arctic Ocean without a reduction in sea ice; however, the effect was small.  2 

 3 

3.4. Cloud radiative forcing 4 

In this section, we examined the cloud radiative forcing (CRF) since cloud cover changes could 5 

affect the energy balance through the CRF. During the fall, winter, and spring seasons in the 6 

Arctic region, the DLR by clouds may play more important role in the surface energy balance 7 

than in the lower latitudes because of the reduced or absent incoming shortwave radiation. 8 

Increase in cloud cover in the Arctic Ocean should increase the DLR at surface; positive change 9 

in CRF for the surface DLR could occur with the substantial reduction of SIC. In addition, 10 

increased the DLR because of increased water vapor and air temperature is an important factor 11 

contributing to Arctic warming (Rinke et al., 2013).  12 

We examined the change in CRF for the surface DLR (ΔCRFSDLR) and clear-sky surface DLR 13 

(ΔCSSDLR) between the periods, 1976-1985, and 1996-2005 for the ΔSI- grids with substantial 14 

sea ice reduction (a linear trend in SIC of less than -0.1/decade) and ΔSI+ grids without 15 

substantial sea ice reduction (a linear trend in SIC exceeding -0.1/decade) in each month (Fig. 16 

9a). Positive ΔCSSDLR was found in both cases. Positive ΔCSSDLR was dominant in the ΔSI- 17 

case when compared with the ΔSI+ case, particularly during fall, winter, and spring. This 18 

positive ΔCSSDLR resulted from both warming and moistening due to the increased open ocean 19 

and global warming. Thus, positive ΔCSSDLR due to increased water vapor and air temperature 20 

can largely affect the surface energy balance in the grids with substantially reduced SIC.  21 

ΔCRFSDLR in the ΔSI- case were also positively large from September to April; the changes in 22 

the ΔSI+ case were small. This result indicated that the increased CRF of surface DLR was not 23 

negligible and potentially contributed to the increased radiation energy into the surface in the 24 



18 
 

grids with substantially reduced SIC, but the large positive ΔCSSDLR was rather dominant than 1 

ΔCRFSDLR.  2 

In contrast, during summer, ΔCSSDLR was moderately positive and ΔCRFSDLR was marginally 3 

negative in both cases, although the differences between the both cases were very small. This 4 

result indicated that reduced sea ice was unlikely to enhance differences in the variation of 5 

surface DLR during summer in the MIROC5 simulations. 6 

To evaluate the relative importance of the changes in CRF of surface DLR to the changes in 7 

clear-sky surface DLR, we defined an index as the ratio of ΔCRFSDLR to ΔCSSDLR 8 

((ΔCRF/ΔCS)SDLR). The sign of the indexes was the same as that of ΔCRFSDLR since ΔCSSDLR 9 

was positive all months (Figs. 9a and 9b). The indexes for ΔSI- case was negative in summer, 10 

increased approximately from 0.4 to 0.5 during September-December, reached at maximums, 11 

approximately 0.7, in January-March, and decreased in spring (Fig. 9b). However, it was 12 

difficult to obtain a statistically significant result for the indexes during winter and spring, since 13 

the uncertainties of the indexes (shades in Fig. 9b) were large from January to June due to the 14 

small sample numbers of ΔSI- grids in those months. Furthermore, the indexes in summer for 15 

the both cases were similar since there were no substantial differences in ΔCRFSDLR and 16 

ΔCSSDLR between the two cases (Fig. 9a).  17 

By contrast, uncertainties in the indexes from October to December were small in both the ΔSI- 18 

and ΔSI+ cases. An increase in the cloud cover as a result of reduced sea ice enhanced the 19 

surface DLR. The indexes during the period October-December showed that the all-sky surface 20 

DLR in the ΔSI- cases increased by approximately 40-60% compared with the clear-sky surface 21 

DLR. The indexes in the ΔSI- cases were larger than those in the ΔSI+ cases, although the index 22 

in the ΔSI- grids in November was not clearly distinguished from that in the ΔSI+ grids. Thus, 23 

considering the reduction of sea ice in October, the change in the CRF due to reduced sea ice 24 
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was not disregarded as a factor affecting Arctic warming. This finding disagrees with Rinke et 1 

al. (2013). That would be attributed to the different definition between their study and ours; the 2 

averaged value over the Arctic Ocean for Fig. 9b, as in their study, would become close to those 3 

for the ΔSI+ case in winter and early spring because the area with significant sea ice reduction 4 

was small during these seasons.  5 

We also compared the change in CRF of the surface downward shortwave radiation (DSR) with 6 

clear-sky surface DSR in both the ΔSI- and ΔSI+ cases. The change in the CRF of the surface 7 

DSR in the ΔSI+ case was a small fraction of the clear-sky surface DSR over the year. The 8 

result in the ΔSI- case showed that the change in the CRF of the surface DSR was less than 10 9 

percent of clear-sky surface DSR during summer, fall and winter, and the change during spring 10 

had a large uncertainty in the ΔSI- case. In addition, clear-sky surface DSR was close to zero 11 

during winter. Therefore, we concluded that the impact of cloud cover changes resulting from 12 

reduced sea ice on the surface DSR was small during the fall.  13 

 14 

4. Discussion 15 

As shown in Figure 3b, increases in the simulated cloud cover were found in the Arctic Ocean 16 

near the North Pole, where simulated sea ice did not decrease substantially. We investigated the 17 

effect of changes in both the moisture convergence and the static stability in the lower 18 

troposphere on the simulated increased cloud cover. Figure 10a shows the simulated linear trend 19 

in the sea level pressure (SLP), moisture flux at 925 hPa, and the convergence in October, which 20 

were averages of the ensemble members. The figure shows that the moisture flux converged in 21 

the region with increased cloud cover. Therefore, the cloud cover in the region near the North 22 

Pole increased in the lower troposphere due to the enhanced moisture convergence despite the 23 

absence of a significant reduction in sea ice. However, we found by analyzing the data in each 24 
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ensemble member that increases in moisture convergence in regions without large reductions 1 

in sea ice did not lead to increased cloud cover in some of the ensemble members. Therefore, 2 

enhanced moisture convergence may be insufficient to result in increased cloud cover. 3 

Furthermore, Figure 10b shows the simulated linear trend in the lapse rate of equivalent 4 

potential temperature between the surface and σ=0.9, which was also averaged for the ensemble 5 

members. The figure shows that the static stability in the lower troposphere decreased over 6 

most part of the Arctic Ocean, although large decreases in static stability did not always 7 

correspond with large increases in cloud cover in regions without large reductions in sea ice. 8 

This result was common in each ensemble member. Therefore, an appropriate and systematic 9 

cause of the large increases in cloud cover over the region without substantial reduction in sea 10 

ice remains unclear. It may be possible that the injection of much moisture into the Arctic during 11 

October in recent years could be trapped more effectively within lower tropospheric layers 12 

above the colder perennial ice pack and thus promote more cloudiness in the latter period. To 13 

clarify this finding, more ensemble members may be required in the experiment. 14 

Under global warming conditions, both air temperature and humidity increase, complicating 15 

the changes in Arctic cloud cover. Therefore, considering future Arctic cloud cover changes, 16 

increases in both air temperature and humidity are crucial components in addition to sea ice 17 

loss. With regard to the vertical profile of cloud cover changes, the level at which air 18 

temperature and humidity increase under global warming conditions is important. Thus, fine 19 

vertical resolution and boundary processes in the model may be primary factors for improving 20 

the projections of Arctic cloud cover change related to global warming and sea ice loss in the 21 

future.  22 

Previous studies have argued for the role of changes in Arctic cloud cover in Arctic warming. 23 

Significantly increased DLR due to cloud cover occurred in grids with significant reductions in 24 

sea ice, whereas select studies have noted a reduced effect caused by the increase in cloud cover 25 
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on the surface DLR. These discrepancies should be related to the uncertainties of clouds and 1 

cloud radiative forcing in individual models. The vertical profile of changes in cloud cover is 2 

also strongly related to changes in cloud radiative forcing. Uncertainty in air temperature and 3 

humidity increases may be among the causes. Therefore, further investigations into Arctic cloud 4 

cover changes and feedback processes related to clouds are needed.  5 

With regard to the feedback between sea ice and clouds, the effects of cloud cover on sea ice 6 

are also considerable. This study focused on the changes in Arctic cloud cover as a result of 7 

reduced sea ice. However, we were unable to observe an effect of increased cloud cover on sea 8 

ice reduction in our statistical analysis of inter-seasonal variations using monthly mean data 9 

despite the increased surface DLR resulting from increased cloud cover.  10 

 11 

5. Summary 12 

This study investigated Arctic cloud cover changes resulting from reduced sea ice due to global 13 

warming simulated by MIROC5 to understand the effect of changes in the extent of Arctic sea 14 

ice on cloud cover. A large negative trend was found for Arctic sea ice in the MIROC5 15 

simulations in summer and fall during the period 1976-2005, although small negative trends in 16 

the winter and spring were found in limited regions. The temporal trend in the simulated Arctic 17 

cloud cover was positive in fall, winter, and spring, reaching a maximum in October. This study 18 

focused on increases in the cloud fraction in October resulting from reduced sea ice.  19 

Results of the autocorrelation and the lead/lag correlation analysis suggest increase in cloud 20 

cover during October is attributable to reduction of sea ice cover. Further, sensitivity 21 

experiments with the different combinations of SIC, SST, and other forcing conditions in 1980s 22 

and 2000s using the atmospheric part of MIROC5 proved that reduction of sea ice cover causes 23 

increase in cloud cover; this result supports results of the lead/lag correlation analysis.  24 
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In the grids with reduced SICs (trends of less than -0.1 /decade) in the MIROC5 simulations, 1 

the cloud fraction in October increased at levels between σ=0.9 and σ=0.7. Because of the 2 

reduced sea ice, a more extended open ocean area increased the latent and sensible heat fluxes 3 

from the ocean to the atmosphere. Along with the seasonal march, the decreased atmospheric 4 

temperatures increased the temperature gradient between the air and sea surface in October. 5 

Therefore, the fluxes from the ocean to the atmosphere were enhanced in October rather than 6 

in September. This effect resulted in a greater increase in the cloud fraction in October than in 7 

September. However, the cloud fraction decreased in the near-surface layers in the MIROC5 8 

simulations, because extreme warming was found in these layers.  9 

There were several ensemble members in which the cloud cover increased in regions close to 10 

the North Pole, where no substantial reductions in sea ice were simulated. However, a plausible 11 

cause for this increase in the simulated cloud cover remains unclear despite our analysis on the 12 

changes in water vapor convergence and the static stability in the lower troposphere in each 13 

ensemble member. To clarify this dichotomy, more ensemble members may be required in the 14 

experiment. 15 

The change in CRF as a result of reduced sea ice in the surface DLR was approximately 40-16 

60% compared with a change in clear-sky surface DLR, which was considered as a change in 17 

the surface DLR due to increases in air temperature and water vapor in grids with large sea ice 18 

reductions in fall. Therefore, the change in CRF resulting from reduced sea ice must be 19 

considered as a factor influencing Arctic warming. 20 

This study analyzed data from only one climate model, i.e., MIROC5. Therefore, future 21 

research topics include the sea ice–cloud cover relationship in multiple models and its 22 

contribution to the uncertainty of future climate change projections. In the future, if the sea ice 23 

retreats further in summer, fall, and spring, then the Arctic cloud cover could increase further, 24 
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and the effects of cloud cover could become stronger. Thus, further understanding and correct 1 

projections of the relationship between sea ice and cloud cover are important for the analysis 2 

of future global and Arctic climate change. 3 

 4 
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Table 1. Sea surface temperature (SST), sea ice, and other forcing conditions in the sensitivity 1 

experiments with MIROC5-AGCM. Other forcings include land use, greenhouse gas 2 

concentrations, aerosol emissions, and total solar irradiance. Data in the 1980s indicate an 3 

average over the period 1976-1985, and the data in the 2000s combine data for the 1980s and 4 

changes for the following 20 years, which were estimated using the linear trend from 1976 to 5 

2005 in the historical simulations. The each experiment name except CTL indicates changes of 6 

the condition from CTL. The letters of SI, SST, OF and ALL before 2000 in the name indicate 7 

that sea ice, SST, other (atmospheric) forcings and all the three conditions in 1980 or 1980s 8 

were changed to in 2000 or 2000s, respectively.  9 

 10 

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 

 11 

  12 
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Table and Figure Captions 1 

Table 1. Sea surface temperature (SST), sea ice, and other forcing conditions in the sensitivity 2 

experiments with MIROC5-AGCM. Other forcings include land use, greenhouse gas 3 

concentrations, aerosol emissions, and total solar irradiance. Data in the 1980s indicate an 4 

average over the period 1976-1985, and the data in the 2000s combine data for the 1980s and 5 

changes for the following 20 years, which were estimated using the linear trend from 1976 to 6 

2005 in the historical simulations. The each experiment name except CTL indicates changes of 7 

the condition from CTL. The letters of SI, SST, OF and ALL before 2000 in the name indicate 8 

that sea ice, SST, other (atmospheric) forcings and all the three conditions in 1980 or 1980s 9 

were changed to in 2000 or 2000s, respectively. 10 

 11 

Figure 1. a) Time series of the surface air temperature (SAT) anomaly from the 1951-1980 mean. 12 

Solid black, green, orange, and blue lines are the SAT anomalies averaged over 60-90°N in 13 

MIROC5’s ensemble mean, MLOST, GISTEMP, and HadCRUT4, respectively. The broken 14 

black line is the global and ensemble mean SAT anomaly in MIROC5. The gray shaded area 15 

indicates the maximum and minimum SAT anomalies between the ensemble members of 16 

MIROC5. b) Time series of the September sea ice extent. The black lines represent the ensemble 17 

mean. The gray shaded area indicates the maximum and minimum ensemble members. The 18 

purple line is the September sea ice extent calculated from HadISST. The units of the SAT 19 

anomaly and sea ice extent anomaly are K and 106 km2, respectively. 20 

 21 

Figure 2. Seasonal cycle of a) Arctic mean sea ice area averaged over the periods 1976-1985 22 

and 1996-2005 in MIROC5 and b) the difference between the means; c) and d) are identical to 23 

a) and b) except for the total and low cloud covers. The unit of sea ice area is 106 km2. 24 
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 1 

Figure 3. Geographical map of the simulated linear trend in the total cloud cover (shaded) and 2 

sea ice concentration (contours) in (a) September, (b) October, and (c) November during the 3 

period 1976-2005. The units are decade-1. Dots indicate that the linear trend is not zero at the 4 

95% significance level.  5 

 6 

Figure 4. a) Autocorrelation coefficients in the sea ice concentration between September and 7 

October in the MIROC5 simulations. b) Correlation coefficients between cloud cover and sea 8 

ice concentration in October in the MIROC5 simulations. c) Autocorrelation (closed circles) in 9 

the sea ice concentration (blue solid lines) and cloud cover (black solid lines), correlations 10 

(closed diamonds) in the lead/lagged sea ice concentrations and October cloud cover (green 11 

broken lines), and correlations in the October sea ice concentration and lead/lagged cloud cover 12 

(red broken lines) in the MIROC5 simulations. The correlation coefficients were calculated 13 

using averages for the boxed region shown in a). 14 

 15 

Figure 5. Seasonal cycle of a) Arctic total cloud cover in each sensitivity simulation using 16 

MIROC5-AGCM and b) the difference from the control experiment. 17 

 18 

Figure 6. Geographical map of the total cloud cover (shaded) and sea ice concentration 19 

(contours) in October in the sensitivity experiments and the differences between experiments. 20 

 21 

Figure 7. Geographical map of the simulated linear trend in (a, b) latent heat and (c, d) sensible 22 

heat fluxes in (a, c) September and (b, d) October during the period 1976-2005. The units are 23 
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W m-2 decade-1. A linear trend for the sea ice concentration (contours) is overlaid, and the units 1 

are decade-1. 2 

 3 

Figure 8. Vertical profiles of the average a) cloud fraction, c) relative humidity, e) specific 4 

humidity, and g) air temperature in October in the MIROC5 simulations for the periods 1976-5 

1985 (blue) and 1996-2005 (red). The solid (broken) line represents the ΔSI- (ΔSI+) case. See 6 

the text for the definitions of the ΔSI- and ΔSI+ cases. Vertical profiles of the differences 7 

between average b) cloud fraction, d) relative humidity, f) specific humidity, and h) air 8 

temperature in October in the MIROC5 simulations for the periods 1976-1985 and 1991-2005. 9 

The solid (broken) line represents the ΔSI- (ΔSI+) case. The dot-dot-dash lines in e) and f) 10 

indicate the saturated specific humidity. The units of air temperature and specific humidity are 11 

K and g kg-1, respectively. Shading and error bars indicate the standard deviations for the 12 

ensemble members in the ΔSI- and ΔSI+ cases, respectively. 13 

 14 

Figure 9. Annual time series of a) the change in (crosses) the CRF in surface DLR (ΔCRFSDLR) 15 

and (closed circles) clear-sky surface DLR (ΔCSSDLR) between the averages for 1976-1985 and 16 

1996-2005 in the MIROC5 simulations and b) The index ((ΔCRF/ΔCS)SDLR , the ratio of 17 

ΔCRFSDLR to ΔCSSDLR). The solid red (broken black) lines indicate the ΔSI- (ΔSI+) case. See 18 

the text for the definition of the index. Shading and error bars indicate the standard deviations 19 

for the ensemble members in the ΔSI- and ΔSI+ cases, respectively. 20 

 21 

Figure 10. a) Simulated linear trend in sea level pressure (contours), moisture flux at 925 hPa 22 

(vectors), and convergence (shaded). The unit of the moisture flux trend is (kg kg-1)(m s-1) 23 

decade-1. b) Simulated linear trend in the lapse rate of the equivalent potential temperature 24 
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between the surface and σ=0.9. The unit for the lapse rate of the equivalent potential 1 

temperature is K/100 m/decade. The values were averaged over all ensemble members. 2 

  3 



31 
 

 1 

 2 

Figure 1. a) Time series of the surface air temperature (SAT) anomaly from the 1951-1980 mean. Solid 3 

black, green, orange, and blue lines are the SAT anomalies averaged over 60-90°N in MIROC5’s ensemble 4 

mean, MLOST, GISTEMP, and HadCRUT4, respectively. The broken black line is the global and ensemble 5 

mean SAT anomaly in MIROC5. The gray shaded area indicates the maximum and minimum SAT 6 

anomalies between the ensemble members of MIROC5. b) Time series of the September sea ice extent. The 7 

black lines represent the ensemble mean. The gray shaded area indicates the maximum and minimum 8 

ensemble members. The purple line is the September sea ice extent calculated from HadISST. The units of 9 

the SAT anomaly and sea ice extent anomaly are K and 106 km2, respectively. 10 

  11 
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 1 
 2 

Figure 2. Seasonal cycle of a) Arctic mean sea ice area averaged over the periods 1976-1985 and 1996-2005 3 

in MIROC5 and b) the difference between the means; c) and d) are identical to a) and b) except for the total 4 

and low cloud covers. The unit of sea ice area is 106 km2. 5 

 6 

  7 
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 1 
Figure 3. Geographical map of the simulated linear trend in the total cloud cover (shaded) and sea ice 2 

concentration (contours) in (a) September, (b) October, and (c) November during the period 1976-2005. 3 

The units are decade-1. Dots indicate that the linear trend is not zero at the 95% significance level. 4 
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 1 

Figure 4. a) Autocorrelation coefficients in the sea ice concentration between September and October in the 2 

MIROC5 simulations. b) Correlation coefficients between cloud cover and sea ice concentration in October 3 

in the MIROC5 simulations. c) Autocorrelation (closed circles) in the sea ice concentration (blue solid 4 

lines) and cloud cover (black solid lines), correlations (closed diamonds) in the lead/lagged sea ice 5 

concentrations and October cloud cover (green broken lines), and correlations in the October sea ice 6 

concentration and lead/lagged cloud cover (red broken lines) in the MIROC5 simulations. The correlation 7 

coefficients were calculated using averages for the boxed region shown in a). 8 
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 1 

Figure 5. Seasonal cycle of a) Arctic total cloud cover in each sensitivity simulation using 2 

MIROC5-AGCM and b) the difference from the control experiment. 3 
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Figure 6. Geographical map of the total cloud cover (shaded) and sea ice concentration 2 

(contours) in October in the sensitivity experiments and the differences between experiments. 3 
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Figure 7. Geographical map of the simulated linear trend in (a, b) latent heat and (c, d) sensible heat fluxes 2 

in (a, c) September and (b, d) October during the period 1976-2005. The units are W m-2 decade-1. A linear 3 

trend for the sea ice concentration (contours) is overlaid, and the units are decade-1. 4 
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Figure 8. Vertical profiles of the average a) cloud fraction, c) relative humidity, e) specific humidity, and g) 2 

air temperature in October in the MIROC5 simulations for the periods 1976-1985 (blue) and 1996-2005 (red). 3 

The solid (broken) line represents the ΔSI- (ΔSI+) case. See the text for the definitions of the ΔSI- and 4 

ΔSI+ cases. Vertical profiles of the differences between average b) cloud fraction, d) relative humidity, f) 5 

specific humidity, and h) air temperature in October in the MIROC5 simulations for the periods 1976-1985 6 

and 1991-2005. The solid (broken) line represents the ΔSI- (ΔSI+) case. The dot-dot-dash lines in e) and 7 

f) indicate the saturated specific humidity. The units of air temperature and specific humidity are K and g kg-8 
1, respectively. Shading and error bars indicate the standard deviations for the ensemble members in the Δ9 

SI- and ΔSI+ cases, respectively. 10 

 11 
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Figure 9. Annual time series of a) the change in (crosses) the CRF in surface DLR (ΔCRFSDLR) and (closed 2 

circles) clear-sky surface DLR (ΔCSSDLR) between the averages for 1976-1985 and 1996-2005 in the 3 

MIROC5 simulations and b) (ΔCRF/ΔCS)SDLR. The solid red (broken black) lines indicate the ΔSI- (Δ4 

SI+) case. See the text for the definition of the index. Shading and error bars indicate the standard 5 

deviations for the ensemble members in the ΔSI- and ΔSI+ cases, respectively. 6 
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Figure 10. a) Simulated linear trend in sea level pressure (contours), moisture flux at 925 hPa (vectors), and 2 

convergence (shaded). The unit of the moisture flux trend is (kg kg-1)(m s-1) decade-1. b) Simulated linear 3 

trend in the lapse rate of the equivalent potential temperature between the surface and σ=0.9. The unit for 4 

the lapse rate of the equivalent potential temperature is K/100 m/decade. The values were averaged over all 5 

ensemble members. 6 
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