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Abstract  This study investigates recent climate change over the Arctic and its link to the mid-latitudes using the ERA-Interim 
global atmospheric reanalysis data from the European Center for Medium-Range Weather Forecast (ECMWF). Since 1979, sub-
stantial surface warming, associated with the increase in anthropogenic greenhouse gases, has occurred over the Arctic. The great-
est warming in winter has taken place offshore in the Kara-Barents Sea, and is associated with the increase in turbulent heat fluxes 
from the marginal ice zone. In contrast to the marked warming over the Arctic Ocean in winter, substantial cooling appears over 
Siberia and eastern Asia, linked to the reduction of Arctic sea ice during the freezing season (September–March). However, in 
summer, very little change is observed in surface air temperature over the Arctic because increased radiative heat melts the sea ice 
and the amount of turbulent heat gain from the ocean is relatively small. The heat stored in the upper ocean mixed layer in summer 
with the opening of the Arctic Ocean is released back to the atmosphere as turbulent heat fluxes during the autumn and through to 
the following spring. This warming of the Arctic and the reduced sea ice amplifies surface cooling over Siberia and eastern Asia in 
winter.  
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1  Introduction* 

Since the onset of industrialization, global mean surface 
temperature has increased by approximately 1℃[1]. This 
degree of warming during the last century is much greater 
than the surface temperature fluctuation over the past mil-
lennium. For example, between 500 AD and 1900 AD, the 
average surface temperature over the northern hemisphere 
has varied within a range of approximately 0.5℃[2]. This 
result indicates that the variability of global mean surface 
temperature might be even lower than 0.5℃ because the 
southern hemisphere has a larger volume of ocean, which is 
generally more stable than land. Instrumental and paleo 
proxy data suggest that the surface temperature has fluctu-
ated to a much greater degree in the higher latitudes[3-5]. 
                                              
* Corresponding author (email: seongjkim@kopri.re.kr) 

Even though substantial warming occurs in West Antarctica, 
which includes the Antarctic Peninsula, the surface tem-
perature over East Antarctica shows little change over the 
past several decades[6-7]. However, the surface warming 
over the Arctic appears to be substantially greater than the 
northern hemisphere or global mean surface temperature 
change in the reanalysis data[8-9] and in numerical models in 
response to the increase in greenhouse gas emissions[1,3,10]. 
The much greater warming over the Arctic is referred to as 
the Arctic amplification[11-12], and is also found in the pa-
leoclimate proxy records[13].  

Several hypotheses have been suggested to explain the 
cause of the Arctic amplification[14]. Graverson and Wang[14] 
found substantial warming in the mid-troposphere instead 
of at the surface in the northern high latitudes and sug-
gested that the main contribution to the Arctic amplification 
is through the transport of greater meridional heat from 
lower latitudes to higher latitudes via atmospheric eddies. 
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However, using a different version of reanalyzed data, 
Screen and Simmonds[9] observed marked surface warming 
at the northern high latitudes and linked this to the reduc-
tion of sea ice and associated heat transfer from the ocean 
to the atmosphere. They also attributed the increase in cloud 
cover to the amplified surface warming through an increase 
in downward long-wave radiation, which is greater than the 
reduction of short-wave radiation caused by the increase in 
cloud cover. In any case, positive albedo feedback seems to 
be at work in response to the change in external forcing 
because high latitudes are covered by snow and ice, which 
have a higher albedo than bare earth or ocean. 

The substantial warming over the Arctic is linked 
closely with the reduction in sea ice, which showed the 
greatest annual decline in September of 2012 based on sat-
ellite observations. Some numerical studies have suggested 
that the reduction of Arctic sea ice led to climate change 
over the mid-latitudes, especially in winter[15-23]. Other 
studies have suggested that the increase in snow over Sibe-
ria leads to a cooling over the mid-latitudes[24-31] by en-
hancing planetary wave activities, which weakens the 
northern hemisphere polar vortex[32-35]. Even though high 
uncertainties remain, the increase in snow over Siberia ap-
pears to be linked to the reduction of Arctic sea ice[36-38]. 

These previous results suggest that the recent rapid 
decline of Arctic sea ice is important in relation to the cli-
mate change over the Arctic and even over the mid-latitudes. 
This study investigates recent climate change over the Arc-
tic associated with changes in sea ice. We also examine the 
role of sea ice in climate change over the mid-latitudes. 

2  Data  

We used ERA-Interim global atmospheric reanalysis data 
from the ECMWF for the atmospheric variables and sea ice. 
The data are reproduced from an improved atmospheric 
model and data assimilation system compared with those of 
the ERA-40 reanalysis dataset[39]. The main improvement 
over ERA-40 data is the higher resolution at T255 (about  
80 km), model physical parameterizations, a better hydro-
logical cycle, four-dimensional variational data assimilation 
and variational bias correction of satellite radiance data[39]. 
The ECMWF ERA-Interim data are available beginning 
1979. Brunke et al. evaluated the biases of ocean surface 
turbulent fluxes from six reanalyzes, four satellite derived 
fluxes, and two combined products based on ship meas-
urements from 12 cruises over the tropics, mid- and high 
latitudes[40]. They found that the ERA-Interim reanalysis is 
one of the best performing models for the turbulent fluxes.  

3  Results 

The globally averaged surface temperature increased con-
sistently at approximately 0.11℃ per decade since 1979 
(Table 1). The Fourth Assessment Report of the In-
ter-Governmental Panel for Climate Change (IPCC)[1] sug-
gests that the global-mean surface temperature increased by 

about 0.74℃ over the past century. In comparison to the 
surface warming over the past century, the rate of recent 
surface warming has been greater. Note that the recent rapid 
warming of the globe is unprecedented for the past millen-
nium during which surface temperature fluctuated within 
±0.5℃[2]. Compared with the global-mean surface tem-
perature rise, in the high northern latitudes the surface 
warmed more rapidly throughout all seasons. The greatest 
warming occurred in boreal autumn at approximately   
0.91℃ per decade, which was followed by warming in 
spring and winter at 0.85℃ and 0.77℃ per decade, re-
spectively. Over the past 30 years, the least amount of Arc-
tic warming occurred in summer when the surface warmed 
up by approximately 0.3℃ per decade. 

Table 1  Trend per decade for the SAT, SST, and sea ice from 
1979 to 2012 

Variable and averaged area 

SAT/℃ SST/℃ Sea ice/% Season 

Global 65°N―90°N 
 

65°N―90°N 
 

65°N―90°N 

Spring 0.12 0.85  0.007  −1.25 

Summer 0.12 0.28  0.037  −3.06 

Autumn 0.15 0.91  0.071  −3.77 

Winter 0.09 0.77  0.024  −1.50 
 
Compared with the change in surface air temperature 

(SAT), sea surface temperature (SST) showed an order of 
magnitude less variation. Consistent with the change in SAT, 
the greatest surface ocean warming occurred in boreal au-
tumn at 0.07℃ per decade. The second greatest ocean sur-
face warming occurred in boreal summer by approximately 
0.04℃  per decade. This substantial ocean warming in 
summer is different from the atmosphere, where the least 
warming occurred during the summer. In the ocean, the 
least warming occurred in boreal spring at 0.007℃ per 
decade. Consistent with the change in SAT and SST, the sea 
ice over the Arctic changed substantially since 1979. The 
greatest sea ice reduction occurred in boreal autumn by 
approximately −3.8% per decade, which was followed by a 
summer reduction of −3.1% per decade. Note that the 
marked declining trend in sea ice during autumn and sum-
mer is mainly due to the change over recent decades. In 
winter and spring, the rate of sea ice reduction was less than 
half that of other seasons.  

The Arctic-averaged quantity of SAT, SST, and sea ice 
has changed substantially since 1979. We now examine in 
detail the inter-annual variability of these variables since 
1979. Figure 1 shows the temporal variation of SAT and 
SST anomalies averaged globally and from 65°N to the 
North Pole for all seasons since 1979. There was little 
change in global-mean SAT in all seasons. However, the 
SAT anomaly over high northern latitudes showed an in-
crease and a decrease even though a long-term trend of in-
crease persisted. Overall, SAT increased and sea ice de-
creased rapidly from about the mid-1990s onwards (Figure 
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2). For example, in boreal winter the SAT increased by ap-
proximately 5℃ from about 1995 to the present and in 
autumn it increased by approximately 4℃ from the 1990s 
to the present. In spring, since the year 2000 the surface 
warmed up by approximately 3℃. The least SAT change 

occurred in boreal summer. For the winter and spring sea-
sons, sea ice showed the greatest melting trend until 1996 
and since then the sea ice melting trend has decreased 
slightly. However, for boreal summer, sea ice showed a 
steadily decreasing trend with time (Figures 1 and 2).   

 
Figure 1  Temporal variations of SAT averaged globally (gray) and from 65° to 90°N (orange). SST (purple) and sea ice (blue) are av-
eraged from 65° to 90°N for spring (a, March―April―May), summer (b, June―July―August), autumn (c, September―October― No-
vember), and winter (d, December―January―February).  
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Figure 2  Temporal variation in SAT (orange), SST (purple), and sea ice trends (green) from 1979 to 2012 for spring (a), summer (b), 
autumn (c), and winter (d). Each trend is normalized by its standard deviation.  

In general, the temporal variation of the Arctic sea ice 
matched the SAT (Figure 1) showing a strong negative cor-
relation (Table 2). In all seasons, the SAT and sea ice were 
correlated by more than −0.7 with the strongest correlation 
(−0.89) in autumn. In the temporal variation of the Arctic 
sea ice, the most prominent feature was the marked reduc-
tion of sea ice in summer and autumn. This reduction in sea 
ice in autumn was consistent with the marked surface 
warming, but in summer the surface temperature increase 
was not substantial even though there was a marked reduc-
tion of sea ice. In the summer season, surface ocean warm-
ing was more consistent with the sea ice. Serreze and 
Barry[12] suggest that the increased short-wave energy in 

summer melts the sea ice and warms up the ocean mixed 
layer, and the heat stored in the ocean mixed layer during 
summer is released back to the atmosphere as sensible and 
latent heat fluxes the following autumn. This explains the 
occurrence of the greatest surface warming in autumn. The 
correlation between sea ice and SST was also high, with 
coefficients of more than −0.5 in all seasons that are statis-
tically significant at the 95% confidence level. Nevertheless, 
the correlation of sea ice with SST was not as high as that 
with SAT. Moreover, the highest correlation appeared in 
winter rather than in autumn when the weakest correlation 
occurred.  

 



330 Kim S J, et al. Adv Polar Sci December(2013)  Vol. 24  No. 4 

Table 2   Correlation coefficients between SAT and sea ice 
(SICE) and SST and SICE for all seasons. Bold let-
ters represent correlations statistically significant at 
95% confidence level   

Season 
Variables 

Spring Summer Autumn Winter 

SAT and SICE −0.74 −0.78 −0.89 −0.84 

SST and SICE −0.62 −0.62 −0.59 −0.66 
 

For the past three decades, the SAT change was not 
spatially uniform. Figure 3 shows the SAT trend from 1979 
to the present. In this figure, the areas of SAT change that 
are statistically significant at the 95% confidence level are 
represented as dots. We performed a two-sided significance 
test using bootstrap resampling. Since 1979, the greatest 
warming has occurred over the Barents Sea in winter. The 
warming over Baffin Bay also showed an increase in winter. 

The second greatest warming occurred in autumn over the 
Eurasian sector of the Arctic Ocean and the Chukchi Sea 
including a section of the Canadian Basin. From Figure 1b, 
the least Arctic warming occurred in summer. Over land, a 
substantial warming occurred over most of the northeastern 
North America and Eurasia. One peculiar exception oc-
curred in winter over Siberia, where a substantial surface 
cooling trend was visible. Note, however, that some of the 
cooling in some areas was not statistically significant. This 
winter cooling trend over Siberia seems counterintuitive to 
the global warming trend. Cohen et al.[31] also found a 
cooling trend over Europe, Siberia, and eastern North 
America using CRUTEM3 data (third version of surface 
temperature data from Climate Research Unit at the Uni-
versity of East Anglia) between 1988 and 2010. Jeong et 
al.[41] found that the Siberian high pressure system in-
creased over the past two decades in association with the 
increase in snow over Siberia. These findings are consistent 

 
Figure 3  Geographic distribution of SAT trend from 1979 to 2012 for spring (a), summer (b), autumn (c), and winter (d). The areas 
marked by dots are statistically significant at the 95% confidence level (two-sided significance test using bootstrap resampling). 
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with our results. Outten and Esau[42] found a cooling trend 
over Eurasia in January from 1989 to 2009 and they attrib-
uted this surface cooling to warming around the Kara Sea. 
As illustrated in Figure 3, this anomalous cooling trend 
appears to be related to the change in sea ice extent. Ano- 
ther feature was the cooling SST over the northeastern Pa-
cific. Conversely, a warming trend was observed from the 
northwestern to the central Pacific. Overall, since 1979, a 
substantial warming has occurred over the entire Arctic and 
adjacent land areas, except for the anomalous cooling over 
Siberia. 

Because the correlation between the SAT and sea ice 
over the Arctic is high, as stated above, we examined the 
trend of the sea ice over the Arctic (Figure 4). The greatest 
trend of sea ice decline appeared in autumn from the Cana-
dian Basin to the Kara Sea through the Eurasian basin with 
a marked trend in the Chukchi Sea. In summer, Arctic sea 
ice showed a trend of substantial decline similar to those in 
autumn. In winter, the greatest sea ice reduction occurred 
across the Kara Sea. A comparison between the SAT and 
sea ice trends showed that the SAT change was tightly con-
nected with the change in sea ice, especially in autumn.  

 
Figure 4  Geographic distribution of the sea ice cover trend from 1979 to 2012 for spring (a), summer (b), autumn (c), and winter (d). 

To check how much of the SAT change is explained by 
the change in sea ice, we regressed the SAT onto the sea ice 
cover. Before regression, we eliminated the trend of both 
variables to exclude a spurious relation. Figure 5 shows the 
regression coefficients between the two variables. When sea 
ice melts over the Arctic, SAT tends to increase. This is the 
case mainly in winter. In spring and autumn, SAT over the 

Arctic and neighboring regions increased with the reduction 
of sea ice, even though the impact of the sea ice melting on 
the SAT increase was not as great as it is in winter. In sea-
sons with little or almost no short-wave radiative heat 
fluxes, the sea ice reduction allows the ocean to release heat 
to the atmosphere, warming the surface over the Arctic and 
sub-Arctic regions. However, in summer, the sea ice reduc-
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tion does not play a role in the SAT increase. This relation 
was also inferred from the comparison of the SAT and sea 
ice trends in Figures 3 and 4. As illustrated by Serreze and 
Barry[12], this is because the increase in short- and 
long-wave radiative heat fluxes in summer mainly melts the 

sea ice and warms the upper mixed layer. Moreover, be-
cause the difference in temperature between the ocean and 
atmosphere is relatively small in the summer compared 
with during other seasons, the amount of heat transfer from 
the ocean to the atmosphere by sensible heat flux is small. 

 
Figure 5  Regression coefficients of SAT plotted against sea ice cover from 1979 to 2012 for spring (a), summer (b), autumn (c), and 
winter (d). 

The regression between the SAT and the Arctic sea ice 
showed a marked surface cooling over northeastern Asia 
when the sea ice over the Arctic is reduced, especially in 
spring and winter (Figure 5). In winter, the cooling over 
Europe was also pronounced and there was a cooling sig-
nature in autumn along approximately 40°N. This result 
suggests that the surface cooling occurring over northeast-
ern Asia, and parts of North America and Europe during 
winter for the past 20 years is in part related to the sea ice 
reduction over the Arctic. From an analysis of surface tem-
perature for the past 20 years, Cohen et al.[31] found that the 
trend of surface cooling occurred over the whole of Eurasia 

and the southeastern United States in winter. They attrib-
uted the winter northern hemisphere cooling to the increase 
in the October Eurasian snow cover that primarily leads to a 
diabatic cooling and a strengthening of the Siberian high. 
The increase in autumn snow cover secondarily increases 
the upward propagation of planetary waves and subse-
quently weakens the westerly polar vortex, leading to the 
strengthening of meridional circulation. The weakening of 
the polar vortex caused by the increase in Siberian snow 
cover has been investigated in many previous stud-
ies[24-27,31,34].  

In addition to the increase in snow over Siberia, the 



 Analysis of recent climate change over the Arctic using ERA-Interim reanalysis data 333 

marked reduction of the Arctic sea ice in September leads 
to colder climatic conditions over Eurasia and part of North 
America. For example, Honda et al.[17] analyzed the re-
duced sea ice over the Kara-Barents Sea from September to 
December and found surface cooling from Eurasia to 
northeastern Asia through Siberia in December and Febru-
ary. However, in a recent study, Cohen et al.[31] found that 
the September Arctic sea ice change does not influence the 
surface cooling over Eurasia in winter, and that the increase 
in snow and negative Arctic Oscillation pattern only high-
lights the surface cooling feature. We further examined 

whether the reduced summer and autumn sea ice over the 
Arctic influenced the cooling in the following winter (Fig-
ure 6). The results show that the sea ice reduction in Sep-
tember led to the cooling over Eurasia in winter to some 
degree, but the greatest Eurasian cooling was led by the sea 
ice reduction in December. Specifically, from summer to 
winter, the impact of the Arctic sea ice reduction to the 
Eurasian cooling became greater and the winter sea ice re-
duction played a more important role than in summer. The 
cause of the Eurasian cooling in response to the Arctic sea 
in early winter will be examined in a future study. 

 
Figure 6  Regression coefficients of winter SAT plotted against sea ice cover of September (a), October (b), November (c), and Decem-
ber (d). 

To check what caused the surface temperature trends 
over the Arctic, we examined the trends of the radiative and 
turbulent heat fluxes. Since 1979, the short wave radiative 
heat flux increased substantially in summer over the Arctic, 
especially in the Beaufort, Chukchi, East Siberian, Laptev, 
and Kara Seas (Figure 7). These were the seas with the 

greatest sea ice reduction trends (Figure 3b). In spring, the 
greatest increase in the short-wave radiative heat flux oc-
curred in the Barents Sea, where the greatest sea ice reduc-
tion appeared as well. The increase in the short-wave heat 
fluxes in the locations where there was also a marked sea 
ice reduction appeared to be caused by the ice-albedo feed-
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back. Because sea ice and snow have a much higher albedo 
than the ocean, when the sea ice was reduced, more 
short-wave energy was absorbed. In winter, because there is 

little incoming short-wave energy, the ice-albedo feedback 
shuts down.  

 
Figure 7  Geographic distribution of short-wave heat flux trends for spring (a), summer (b), autumn (c), and winter (d). The areas 
marked by dots are statistically significant at the 90% confidence level.  

In summer, the long-wave heat flux displayed a gener-
ally increasing trend over the Arctic (Figure 8). The rate of 
increase of the long-wave heat flux was slightly greater in 
the Canadian Basin. In autumn and winter, the long-wave 
heat flux showed increasing trends in the Atlantic sector of 
the Arctic Ocean, whereas in spring in the Pacific sector of 
the Arctic, long-wave heat fluxes showed a slightly in-
creasing trend. The net long-wave heat flux was governed 
by the outgoing long-wave heat flux given by the 
Stefan-Boltzmann Law and the incoming long-wave heat 
flux that was dependent on cloud cover and the vertical 
distribution of absorbers. Because the outgoing long-wave 
heat flux was generally constant for the seasonal average, 

the trend was primarily determined, for example, by the 
change in atmospheric water vapor, clouds, or trace gases. 
The overall increase in the longwave heat fluxes in the Pa-
cific sector of the Arctic Ocean in summer and the Atlantic 
sector in autumn and winter appeared to be caused by an 
increase in water vapor associated with the increase in 
evaporation due to either the sea ice reduction or increased 
surface ocean temperature. In fact, the trend of the long-
wave heat flux was broadly consistent with the evaporation 
trend shown in Figure 9. 

The latent heat flux was mainly from the evaporation 
at the surface followed by condensation in the atmosphere. 
In summer, there was an increasing trend in latent heat flux  
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Figure 8  Geographic distribution of long-wave heat flux trends for spring (a), summer (b), autumn (c), and winter (d). The areas 
marked by dots are statistically significant at the 90% confidence level.  

over most of the Arctic Ocean (Figure 9b). In other seasons, 
the substantial increase in latent heat flux occurred only in 
the northern North Atlantic. In summer, autumn and winter, 
the increasing trend in the Barents Sea was substantial. The 
sensible heat flux showed a marked increase in the Barents 
Sea as well, especially in autumn and winter (Figure 10) 
where SST showed an increasing trend (not shown). In 
summer, because there was no great difference in tempera-
ture between the ocean and atmosphere, there was not a 
notable trend in sensible heat flux over the Arctic. Overall, 
the radiative heat flux in summer has displayed an increas-
ing trend in for the past 30 years, likely associated with the 
ice-albedo and water vapor feedback. The increased radia-
tive heat melted the sea ice and subsequently warmed the 
upper ocean mixed layer. Towards autumn and winter, the 
added ocean heat was released back to the atmosphere via 

turbulent heat fluxes through areas of the reduced sea ice 
and eventually warmed the surface air.  

4  Conclusions 

We investigated climate change over the Arctic using the 
ERA-Interim reanalysis data from ECMWF, which is an 
updated and improved version of the ERA-40 reanalysis 
data with a higher-resolution (T255) numerical mode and a 
more accurate assimilation technique. The Arctic and sur-
rounding regions have undergone substantial surface 
warming associated with increased atmospheric anthropo-
genic greenhouse gases since 1979. The greatest Arctic 
warming occurred across the Kara-Barents Sea, and was 
associated with an increase in heat from the ocean due to 
the increase in turbulent heat fluxes as the sea ice extent  
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Figure 9  Geographic distribution of latent heat flux trends for spring (a), summer (b), autumn (c), and winter (d). The areas marked by 
dots are statistically significant at the 90% confidence level.  

declined markedly. In contrast to the marked warming over 
the Arctic Ocean, substantial cooling occurred over Siberia 
in winter. Our results indicate that the cooling over Eurasia 
was linked to the reduction in Arctic sea ice extent from 
September to winter. Substantial warming also occurred in 
spring and autumn in locations where the sea ice was re-
duced. In summer, on the other hand, there was very little 
change in surface temperature over the Arctic because in-
creased radiative heat in summer melted the sea ice, in 
agreement with previous work[12]. Towards the cold season, 
sea ice increases and the atmosphere becomes cold and dry. 
Heat that was stored in the upper mixed ocean layer in 
summer with the opening of the Arctic Ocean is then re-
leased back to the atmosphere in the autumn and through to 
the following spring in the form of turbulent heat fluxes, 

thus warming the Arctic surface air. Moreover, the heat 
released in autumn and winter leads to the surface cooling 
over Eurasia in winter via a weakening of the polar vortex 
in the northern hemisphere. Overall, the anthropogeni-
cally-driven decline in Arctic sea ice in summer leads to 
cooling over mid-latitudes in the following winter. 
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Figure 10  Geographic distribution of sensible heat flux trends for spring (a), summer (b), autumn (c), and winter (d). The areas marked 
by dots are statistically significant at the 90% confidence level.  

References 

1 IPCC. Climate change 2007: The physical science basis. Contribution of 
working group 1 to the fourth assessment report of the intergovernmental 
panel on climate change. Cambridge, UK, Cambridge University Press, 
2007. 

2 Mann M E, Zhang Z, Rutherfold S, et al. Global signatures and dynamical 
origins of the little ice age and medieval climate anomaly. Science, 2009, 
326(5957): 1256-1260. 

3 Manabe S, Stouffer R J. Sensitivity of a global climate model to an in-
crease of CO2 concentration in the atmosphere. J Geophys Res, 1980, 
85(C10): 5529-5554. 

4 Holland M M, Bitz C M. Polar amplification of climate change in coupled 
models. Climate Dyn, 2003, 21(3-4): 221-232. 

5 Fedorov A V, Brierly C M, Lawrence K T, et al. Patterns and mechanisms 
of early Pliocene warmth. Nature, 2013, 496(7443): 43-49. 

6 Steig E J, Schneider D P, Rutherford S D, et al. Warming of the Antarctic 

ice-sheet surface since the 1957 International Geophysical Year. Nature, 
2009, 457(7228): 459-463. 

7 O’Donell R, Lewis N, McIntyre S, et al. Improved methods for 
PCA-based reconstructions: case study using the Steig et al. (2009) Ant-
arctic temperature reconstruction. J Climate, 2011, 24(8): 2099-2115. 

8 Graverson R G, Mauritsen T, Tjernstrom M, et al. Vertical structure of re-
cent Arctic warming. Nature, 2008, 451(7174): 53-56. 

9 Screen J A, Simmonds I. The central role of diminishing sea ice in recent 
Arctic temperature amplification. Nature, 2010, 464(7293): 1334-1337. 

10 Hansen J, Sato M, Ruedy R. Radiative forcing and climate response. J 
Geophys Res, 1997, 102(D6): 6831-6864. 

11 Serreze M C, Francis J A. The Arctic amplification debate. Climate 
Change, 2006, 76(3-4): 241-264. 

12 Serreze M C, Barry R G. Processes and impacts of Arctic amplification: A 
research synthesis. Global and Planetary Change, 2011, 77(1-2): 85-96. 

13 Miller G H, Alley E B, Brigham-Grette J, et al. Arctic amplification: can 
past constrain the future? Quat Sci Rev, 2010, 29(15-16): 1779-1790. 

14 Graverson R G, Wang M. Polar amplification in a coupled climate model 



338 Kim S J, et al. Adv Polar Sci December(2013)  Vol. 24  No. 4 

with locked albedo. Climate Dyn, 2009, 33(5): 629-643. 
15 Alexander M A, Bhatt U S, Walsh J E, et al. The atmospheric response to 

realistic Arctic sea ice anomalies in an AGCM during winter. J Climate, 
2004, 17(5): 890-905. 

16 Magnusdottir G, Deser C, Saravanan R. The effects of North Atlantic SST 
and sea ice anomalies on the winter circulation in CCM3. Part 1: Main 
features and storm track characteristics of the response. J Climate, 2004, 
17(5): 857-876. 

17 Honda M, Inoue J, Yamane S. Influence of low Arctic sea-ice minima on 
anomalously cold Eurasian winters. Geophys Res Lett, 2009, 36(L08707), 
doi: 10.1029/2008GL037079. 

18 Seierstad, I A, Bader J. Impact of a projected future Arctic sea ice reduc-
tion on extratropical storminess and the NAO. Climate Dyn, 2009, 33(7-8): 
937-943. 

19 Overland J E, Wang M. Large-scale atmospheric circulation changes are 
associated with the recent loss of Arctic sea ice. Tellus, 2010, 62A: 1-9, 
doi: 10.1111/j.1600-0870.2009.00421.x. 

20 Petoukhov V, Semenov V A. A link between reduced Barents-Kara sea ice 
and cold winter extremes over northern continents. J Geophys Res, 2010, 
115(D21111), doi: 10.1029/2009JD013568. 

21 Deser C, Tomas R, Alexander M, et al. The seasonal atmospheric response 
to projected Arctic sea ice loss in the late twenty-first century. J Climate, 
2010, 23(2): 333-351. 

22 Hori M E, Inoue J, Kikuchi T, et al. Recurrence of intraseasonal cold air 
outbreak during the 2009/2010 winter in Japan and its ties to the atmos-
pheric condition over the Barents-Kara Sea. SOLA, 2011, 7: 25-28. 

23 Hopsch S, Cohen J, Dethloff K. Analysis of a link between fall Arctic sea 
ice concentration and atmospheric patterns in the following winter. Tellus, 
2012, 64A: 1-12. 

24 Cohen J, Entekhabi D. Eurasian snow cover variability and northern 
hemisphere climate predictability. J Geophys Res, 1999, 26(3): 345-348. 

25 Cohen J, Entekhabi D. The influence of snow cover on northern hemi-
sphere climate variability. Atmos-Ocean, 2001, 39(1): 35-53. 

26 Saito K, Cohen J, Entekhabi D. Evolution of atmospheric response to 
early-season Eurasian snow cover anomalies. Mon Wea Rev, 2001, 129: 
2746-2760. 

27 Gong G, Entekhabi D, Cohen J. Modelled northern hemisphere winter 
climate response to realistic Siberian snow anomalies. J Climate, 2003, 
16(23): 3917-3931. 

28 Lü J M, Ju J H, Kim S J, et al. Arctic oscillation and the autumn/winter 
snow depth over the Tibetan Plateau. J Geophys Res, 2008, 113(D14117), 

doi: 10.1029/2007JD009567. 
29 Orsolini Y J, Kvamsto N G. Role of Eurasian snow cover in wintertime 

circulation: Decadal simulations forced with satellite observations. J 
Geophys Res, 2009, 114(D1910), doi: 10.1029/2009JD012253. 

30 Jaiser R, Detholff K, Handorf D, et al. Impact of sea ice cover changes on 
the northern hemisphere atmospheric winter circulation. Tellus A, 2012, 
64, doi: 10.3402/tellusa.v64i0.11595. 

31 Cohen J L, Furtado J, Barlow M, et al. Arctic warming, increasing snow 
cover and widespread boreal winter cooling. Environ Res Lett, 2012, 
7(014007), doi: 10.1088/17489-9326/7/1/014007. 

32 Kuroda Y, Kodera K. Role of planetary waves in the strato-
sphere-troposphere coupled variability in the northern hemisphere winter. 
Geophys Res Lett, 1999, 26(15): 2375-2378. 

33 Zhou S T, Miller A J, Wang J L, et al. Downward-propagating temperature 
anomalies in the preconditioned polar stratosphere. J Climate, 2002, 15(7): 
781-792. 

34 Fletcher C G, Kushner P, Cohen J. Stratospheric control of the extratropi-
cal circulation response to surface forcing. Geophys Res Lett, 2007, 
34(L21802), doi: 10.1029/2007GL031626. 

35 Fletcher C G, Hardiman S C, Kushner P, et al. The dynamical response to 
snow cover perturbations in a large ensemble of atmospheric GCM inte-
grations. J Climate, 2008, 22(5): 1208-1222. 

36 Ghatak D, Frei A, Gong G, et al. On the emergence of an Arctic amplifica-
tion signal in terrestrial Arctic snow extent. J Geophys Res, 2010, 
115(D24105), doi: 10.1029/2010JD014007. 

37 Ghatak D, Deser C, Frei A, et al. Simulated Siberian snow cover response 
to observed Arctic sea ice loss, 1979-2008. J Geophys Res, 2012, 
117(D23108), doi: 10.1029/2012JD018047. 

38 Liu J, Curry J A, Wang H, et al. Impact of declining Arctic sea ice on 
winter snowfall. Proc Natl Acad Sci USA, 2012, 109(11): 4074-4079. 

39 Dee D P, Uppala S M, Simmons A J, et al. The Era-Interim reanalysis: 
configuration and performance of the data assimilation system. Quart J 
Roy Meteor Soc, 2009, 137(656): 553-597. 

40 Brunke M A, Wang Z, Zeng X B, et al. An assessment of the uncertainties 
in ocean surface turbulent fluxes in 11 reanalysis, satellite-derived, and 
combined global datasets. J Climate, 2011, 24(21): 5469-5493. 

41 Jeong J H, Ou T H, Linderholm H W, et al. The recent recovery of the Si-
berian high intensity. J Geophys Res, 2011, 116(D23102), doi: 
10.1029/2011JD015904. 

42 Outten A D, Esau I. A link between Arctic sea ice and recent cooling 
trends over Eurasia. Climatic Change, 2012, 110(3-4): 1069-1075.

 


