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Introduction

Arctic amplification of surface warming is a prominent 
feature of climate change in recent decades, especially 
since 2000, and is thought to be closely related to Arctic 
sea-ice loss (Screen & Simmonds 2010; Screen et al. 2013; 
Simmonds 2015; Wu & Wang 2018; He et al. 2020). In 
contrast to Arctic warming, since the late 1990s, mid-lat-
itude continental surface air over central and eastern Asia 
and North America presents a cooling trend in winter 
(Kug et al. 2015; Overland et al. 2015). Many studies 
reveal that it is the Arctic sea-ice loss that contributes to 

the mid-latitude continental cold extremes (Inoue et al. 
2012; Liptak & Strong 2014; Kug et al. 2015; Xu et al. 
2021; Yang et al. 2021). However, the causal linkage is 
still under debate (Overland & Wang 2010; Cheung et al. 
2013; Cohen et al. 2014; Sato et al. 2014; Sun et al. 2016; 
Cho & Chang 2017; Kelleher & Screen 2018; Zhang et al. 
2018; Zhu et al. 2018; Han & Li 2020).

Specifically, by setting heavy and light SIC boundary 
conditions in the model, Cohen et al. (2020) suggest that 
low Arctic sea ice in autumn could induce winter cold 
anomalies from Europe to the Far East through the for-
mation of stationary Rossby waves. With the ECHAM5 

Abstract

The boreal wintertime atmospheric responses, especially cold events over cen-
tral Asia, to low sea-ice concentration (SIC) with and without realistic daily 
variation over the Barents Sea are explored with the Community Atmosphere 
Model version 4.0 (CAM4.0). The results show that the general atmospheric 
responses to approximately equal winter-mean Arctic sea-ice loss with a similar 
pattern but with climatological versus realistic daily variation are different. 
With the forcing of low SIC with climatological daily variation, Asian cold 
events become a little longer and stronger than in the control experiment; this 
mainly results from the enhancement of a 500-hPa Ural anticyclonic anomaly. 
However, the low SIC forcing that includes realistic daily variability greatly 
intensifies central Asian cold events and the cyclonic anomaly downstream of 
the Ural anticyclone. Further analysis reveals that Asian cold events are closely 
associated with Arctic deep warming at an intraseasonal time scale, which is 
also the strongest in the perturbed experiment forced by low SIC with realistic 
daily variation. This work provides a better understanding of the linkage 
between sea-ice variation over the Barents Sea and central Asian cold events, 
which may improve extreme weather prediction. It also implies that it is neces-
sary to force air–sea coupling models and atmospheric models with realistic 
daily SIC in the study of the relationship between Arctic sea ice and mid-lati-
tude cold events.

Keywords
Sea-ice loss; extreme weather events; Arctic; 
Community Atmosphere Model

Correspondence
Zhina Jiang, Chinese Academy of 
Meteorological Sciences, ZhongGuanCun 
South Street 46, Haidian District, Beijing, 
China, 100081. E-mail: jiangzn@cma.gov.cn

Abbreviations
BS: Barents Sea (15°–65°E, 70°–80°N)
CAM4.0: Community Atmosphere Model 
version 4.0 (National Center for Atmospheric 
Research, USA)
CTRL: control experiment (annually repeating 
daily climatological SST and SIC)
PDF: probability density function
SAT: surface air temperature
SIC: sea-ice concentration
SST: sea-surface temperature
T2m_A index: the winter SAT index over 
Central Asia
T2m_B index: the winter SAT index over the BS
WCPERT: perturbation experiment (SST is 
prescribed the same as for the CTRL, whilst 
the winter daily SIC is obtained by adding the 
winter-mean difference of SIC between 
WPERT and CTRL to the climatological daily 
SIC in CRTL; if the resulting SIC is less than 
0.0, it is set to 0.0)
WPERT: perturbation experiment (SST is 
prescribed the as same as for the CTRL, 
whilst the daily climatological SIC during 
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replaced by observed daily-varying SIC 
during winter of 2015/16)
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general circulation model, the anomalous decrease of 
wintertime climatological BS SIC from 80% to 40% could 
lead to a strong anticyclonic anomaly over the North Pole 
and anomalous easterly advection over northern conti-
nents, which, therefore, brings about cold extremes 
(Petoukhov & Semenov 2010). Ensemble experiments 
forced by prescribing SIC with observed monthly com-
posites for low- and high-ice years suggest that sea-ice 
decline leads to more frequent Eurasian blocking highs, 
which then favour cold air advection and severe winters 
(Dai et al. 2021).

Using high-top general atmospheric circulation mod-
els, recent numerical study has found that enhanced ver-
tical wave activity due to Arctic sea-ice loss can weaken 
the stratospheric polar vortex, which then leads to a 
stronger Siberian high and cold air advection in Eurasia 
(Xu et al. 2019). The stratosphere has been identified as 
another key pathway for resolving Arctic-mid-latitude 
linkages (Hoshi et al. 2019; Cohen et al. 2020; Kretschmer 
et al. 2020). Furthermore, the background state of the 
stratosphere (e.g., quasi biweekly oscillations phase) may 
strongly impact the Eurasian surface temperature 
response to Arctic sea-ice loss (Labe et al. 2019).

However, some numerical work indicates that the 
influence of dramatic sea-ice melting on mid-latitude 
cold events is limited (Barnes 2013; Peings & Magnusdottir 
2014; Woollings et al. 2014; Blackport et al. 2019). With 
a simplified linear steady-state model, there is a weak 
atmospheric mid-latitude circulation response to an ide-
alized Arctic surface warming (Sellevold et al. 2016). 
Atmospheric model experiments prescribed with 
observed monthly-mean sea ice cannot capture the 
changes in weather patterns across the Northern 
Hemisphere that are correlated with sea-ice variations 
(Warner et al. 2020). The model sensitivity experiments 
may generate an unrealistic atmospheric response 

because of unrealistic amounts of Barents and Kara sea 
ice (Kretschmer et al. 2020). Moreover, high temporal 
frequency sea-ice variability cannot be ignored to improve 
the model forecasts (Dammann et al. 2013).

To better represent daily sea-ice variation, Liptak & 
Strong (2014) interpolate monthly sea ice and SST fields 
to daily values ​​as boundary forcing to explore the winter 
atmospheric response to sea-ice anomalies, but this may 
still underestimate the observed variability in SIC. This 
shows that realistic daily SIC should be used as a bound-
ary forcing to explore the responses of mid-latitude 
weather patterns and cold events.

Observations indicate that 2015 was one of the warm-
est years in the historical instrumental records and its 
most evident warm anomaly occurred over land, espe-
cially at high latitudes (Zhang et al. 2016). Consistently, 
Arctic SIC shows great loss (Wu & Yang 2016). The SIC 
value in the winter of 2015/16 over the BS was the third 
lowest during the period 1979 to 2018 (Fig. 1; Duan & 
Jiang 2021). In this work, the daily BS SIC during the 
winter of 2015/16 is adopted to force the atmospheric 
model, as a comparison to the experiment forced by 
approximately equal winter-mean SIC loss but with daily 
variation similar to the climatological variability, to 
explore the influence of sea-ice loss with short-time vari-
ability on the linkage between BS sea-ice variation and 
mid-latitude continental cold events (Årthun et al. 2012; 
Kug et al. 2015).

After we describe the design of the model experi-
ments, which include a CTRL and two winter perturba-
tion experiments (WCPERT and WPERT), and we define 
cold events for the purposes of this study, we present 
the results of general atmospheric responses to sea-ice 
variation. The differences between cold events for the 
three experiments are then analysed, followed by a 
discussion.

Fig. 1 (a) The difference of winter-mean SIC between WPERT (WCPERT) and the CTRL; the area defined as the BS (15°–65°E, 70°–80°N) for the purposes of 

this study is bounded by a red outline. (b) The daily time evolution of SIC indices over the BS in winter for the CTRL, WCPERT and WPERT.
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Model experiments design

This study adopts the CAM4.0 standalone community 
atmosphere model for the simulations. The configuration 
of the model has 26 vertical levels, ranging from the 
surface to 2.917 Pa, with a horizontal resolution of 1.9 
degrees of longitude by 2.5 degrees of latitude (Grassi et 
al. 2013). More details on the model are presented by 
Neale et al. (2010). The changes of sea-ice thickness are 
not considered here, which is uniformly set as 2 m in the 
Arctic (Labe et al. 2018; Dai et al. 2021).

We performed three simulations. In the CTRL, the 
model was prescribed with the annually repeating daily 
climatological SST and SIC, which were obtained by 
interpolation from daily mean ERA-Interim reanalysis 
during 1979–2018 on a horizontal resolution of 1° × 1° to 
the model grid (Dee et al. 2011). In WPERT, the SST was 
prescribed the same as for the CTRL, whilst the daily cli-
matological SIC during winter (December–February) 
over the BS (15°–65°E, 70°–80°N) was replaced by 
observed daily varying SIC during the winter of 2015/16. 
The winter-mean difference of SIC between WPERT and 
CTRL is presented in Fig. 1a, which illustrates that the 
most evident sea-ice loss for WPERT was located over the 
northern-BS. In WCPERT, the winter daily SIC was 
obtained by adding the winter-mean difference of SIC 
between WPERT and CTRL to the climatological daily SIC 
in the CRTL (if the obtained SIC was less than 0.0, it was 
set to 0.0). Therefore, the winter daily variation of SIC in 
WCPERT over the BS is similar to that in the CTRL, but 
the winter-mean SIC value approximately equals that in 

WPERT. The daily SIC index was defined as the lati-
tude-weighted area-averaged SIC over the BS. It is evi-
dent that the SIC indices for WPERT and WCPERT show 
lower SIC values than in the CTRL. However, in WPERT, 
a significant SIC daily variability can be seen (Fig. 1b). 
Considering that the mean SIC value or its daily variation 
during early winter (Period 1 is shown in Fig. 1b) is quite 
different from that in mid-late winter in WPERT, the 
atmospheric responses during early and whole winters 
are also compared in the following work.

Screen et al. (2013) pointed out that large ensembles 
are important for capturing the higher signal-to-noise 
ratio of remote responses. Consistent with previous 
numerical work (Honda et al. 2009; Cassano et al. 2014; 
Sun et al. 2016), 50-year continuous simulations were 
carried out for the three experiments, initialized on 1 
December, to separate the forced response from natural 
atmospheric internal variability to sea-ice changes. The 
latter 40 winters were analysed to avoid the bias of model 
spin-up. The differences between perturbation experi-
ments and the CTRL were regarded as the responses to BS 
sea-ice changes. Student’s t-test was used to assess the 
statistical significance.

Cold event definition

To explore the possible linkage between BS sea-ice 
changes and cold events over the Eurasian continent, a 
specific region that is strongly associated with Arctic 
warming over the BS was determined, in accordance 
with Zhuo & Jiang (2020). T2m_B index was defined as 

Fig. 2 The correlation coefficients between the SAT index over the BS (T2m_B) and the winter daily SAT anomaly in CTRL. The area bounded by a black 

rectangle (40°–60°N, 60°–120°E) is the region defined as central Asia for the purposes of this study. Dotted (coloured) areas indicate where values exceed 

the 90% (95%) confidence level, according to Student’s t-test.
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the latitude-weighted area-averaged daily SAT over the 
BS. Figure 2 shows the correlation coefficients between 
the T2m_B index and the daily SAT anomaly over the 
Eurasian continent in winter in the CTRL. There was a sig-
nificant negative correlation centre between the T2m_B 
index and the SAT anomaly over central Asia (40°–60°N, 
60°–120°E). Similar patterns were obtained in WPERT and 
WCPERT, though they were a little weaker than that in the 
CTRL. Accordingly, the winter SAT index over central Asia 
(T2m_A) was defined as the latitude-weighted area-aver-
aged daily SAT over the domain (40°–60°N, 60°–120°E).

A cold event during Period 1 (whole winter) was 
defined to have taken place if (i) the T2m_A index 

reached the criterion of 251.3 K (251.1 K), whose occur-
rence probability was 10% for CTRL, (ii) the duration 
reached not less than three consecutive days and (iii) the 
time interval between two cold events exceeded 15 days 
(Wu et al. 2017). With these criteria, there were 17 (36) 
cold events in the CTRL, whereas there were 17 (42) cold 
events in WCPERT, and 13 (35) cold events in WPERT 
during Period 1 (whole winter), which are listed in 
Table 1. The results show that the duration of cold events 
in WCPERT is a little longer than in the CTRL, whereas 
the duration of cold events in WPERT is the longest. It is 
extended by two more days from CTRL to WPERT in 
Period 1, and half a day from CTRL to WPERT in the 
whole winter. The finding that cold events become longer 
under sea-ice loss is consistent with Luo et al. (2016). To 
better illustrate this difference, the composites of cold 
events during early winter (Period 1) are presented 
below. Similar conclusions can also be found for the 
whole winter.

The atmospheric responses to BS sea-ice 
variation

Before we examine the impact of sea-ice change on SAT 
variation over the Northern Hemisphere, the wintertime 
atmospheric responses are presented (Fig. 3). The 

Table 1 The information about cold events over the Asian continent 

during the whole winter and Period 1 for three experiments.

Period Criterion Experiment Cold events Duration

Winter SAT < 251.1K CTRL 36a 6.4

WCPERT 42a 6.5

WPERT 35b 6.9

Period 1 SAT < 251.3K CTRL 17b 5.1

WCPERT 17b 5.2

WPERT 13c 7.7

aEvent exceeds the 90% confidence level, according to Student’s t-test. 
bEvent exceeds the 95% confidence level, according to Student’s t-test. 
cEvent exceeds the 99% confidence level, according to Student’s t-test.

Fig. 3 The general response of SAT and geopotential height at 500 hPa (contour interval 4 gpm) in WPERT for (a) winter and (b) Period 1; (c) and (d) the 

same as (a) and (b) but for WCPERT. The colours and bold lines indicate where the temperature and geopotential height values exceed the 90% confidence 

level, according to Student’s t-test.
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atmospheric responses in winter to low SIC with and 
without significant (or realistic) daily variability are quite 
different (Fig. 3a, c). For low SIC forcing with realistic 
daily variability in WPERT, a wave train with a zonal 
tripole structure of positive-negative-positive anomalies 
at 500 hPa is distinctly distributed over Eurasia in winter 
(Fig. 3a). The downstream positive anomaly over central 
Asia is much stronger in early winter (Period 1; Fig. 3b). 
A strong warming dominates the BS, which is consistent 
with a large sea-ice loss over that region. Central Asia is 
also covered with a relatively weak warm anomaly, 
which is more significant in early winter. However, for 
low SIC forcing without significant daily variability in 
WCPERT, a weak anticyclone is located over the high lat-
itudes of Eurasia, accompanied by a weak cyclone over 
northern Africa and southern Europe (Fig. 3c). This 
structure is also more evident in early winter (Period 1; 
Fig. 3d). Similarly, a strong warming dominates the BS, 
whilst no evident SAT anomaly can be seen over the 

main Eurasian continent, but a cold anomaly can be 
found over northern Africa and western Europe. Previous 
work suggests that the general atmospheric responses to 
sea-ice loss with different amplitudes and locations are 
nonlinear (Semenov & Latif 2015; Sui et al. 2017; 
McKenna et al. 2018). Furthermore, our work reveals 
that the different responses may also be attributed to the 
SIC with and without realistic daily variation.

Figure 4 presents the PDF of T2m_A indices during 
early and whole winters for CTRL, WCPERT and WPERT. 
The PDF of T2m_A indices in WPERT is more skewed to 
the right than those in CTRL and WCPERT throughout 
the winter, which also illustrates that the response of SAT 
over central Asia to sea-ice loss with realistic daily varia-
tion is more sensitive than that to sea-ice loss with clima-
tological daily variation (Fig. 4a). In addition, the peak in 
the WPERT shifts to the right (Fig. 4a), but the skewness 
changes from -0.35 in the CTRL to -0.45 in the WPERT 
(Table 2); the tail on the left side of the PDF of Asian SAT 

Fig. 4 PDF of the winter SAT index over central Asia. T2m_A (units: K) for CTRL, WCPERT and WPERT during (a) winter and (b) Period 1. Close-ups of the 

left tails are displayed as insets.
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in WPERT becomes much longer than that on the right. 
In other words, the probability of Asian cold extremes in 
the WPERT is the greatest. This characteristic is more evi-
dent during early winter (Period 1; Fig. 4b). Table 2 pres-
ents the temperatures corresponding to the 1st percentile 
in the three experiments. It can be seen that, compared to 
WCPERT and CRTL, the temperature corresponding to 
the 1st percentile in WPERT is the smallest, which further 
verifies the above conclusions.

Atmospheric circulation associated with  
cold events

To explore the influence of SIC over the BS on central 
Asian cold events, the composites of 500-hPa geopotential 
height and SAT anomalies associated with cold events 
during Period 1 are shown in Fig. 5. Lag 0 is the onset day 
when the T2m_A index first reaches the criterion of cold 
events. For cold events in the CTRL (Fig. 5a), a 

Fig. 5 Lead-lag composites of anomalous SAT and anomalous geopotential height at 500 hPa (contour interval 2 gpm) associated with cold events during 

Period 1 for (a) CTRL, (b) WCPERT and (c) WPERT. The dots (bold lines) indicate that the temperature (geopotential height) values exceed the 90% confi-

dence level, according to Student’s t-test.
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warm-Arctic cold-central Asia SAT anomaly can be clearly 
observed during the cold events. Corresponding to this 
warm anomaly, there is a weak anticyclonic anomaly west 
of the BS on 500 hPa at lag -6 days, which propagates 
eastward gradually with time. It reaches its maximum 
amplitude over the BS at lag 0 days and then weakens. 
Meanwhile, a cyclonic anomaly to the south-east of the 
anticyclonic anomaly appears over Asian continent, 
which corresponds well with the cold anomaly. This dipole 
blocking pattern is favourable for the invasion of cold air 
advection into central Asia (Peings & Magnusdottir 2014; 
Cheung et al. 2018). By comparison, the warm-Arctic 
anomaly and high-latitude anticyclonic anomaly become 
stronger and more persistent in WCPERT (Fig. 5b). From 
lag -6 days to lag 0 days, this anticyclonic anomaly 
strengths and propagates gradually from the western BS 
to the Kara Sea. Afterwards, it retrogrades and weakens. 
For cold events in WPERT (Fig. 5c), the high-latitude anti-
cyclonic anomaly becomes much stronger and more per-
sistent, as does the cyclonic anomaly over central Asia, 
especially after lag 0 days. Correspondingly, the warm-Arc-
tic and cold-Asia anomalies become much stronger and 
more persistent than those in WCPERT.

In order to further illustrate the difference of cold events 
amongst CTRL, WCPERT and WPERT, Fig. 6 presents the 
difference of anomalous SAT and geopotential height at 500 
hPa associated with cold events between the CTRL (WPERT) 
and WCPERT. It can be seen from the difference of cold 
events between WCPERT and CTRL (Fig. 6a), a significant 
anticyclonic anomaly is located over around 70°E of the 
high latitude area from lag -6 days to lag -2 days, extending 
south-eastward until lag 6 days. Accordingly, a weak cold 
anomaly only exists from lag -6 days to lag 0 days over cen-
tral Asia. Comparatively, from the difference of cold events 
between WPERT and WCPERT (Fig. 6b), a Ural anticyclonic 
anomaly can be seen during lag 2 days to lag 8 days, though 
it is not significant. Meanwhile, a significant cold cyclonic 
anomaly can be observed over central Asia from lag 0 days 
to lag 6 days. These results suggest that sea-ice loss with 
realistic SIC daily variability over the BS is conducive to 
intensifying the Ural anticyclone (Francis & Vavrus 2012; 
Luo et al. 2016; Chen et al. 2017; Yao et al. 2017; Li & Luo 
2019), especially the downstream cold cyclonic anomaly.

To better understand the Arctic warming accompany-
ing the central Asian cold events, Fig. 7 presents the  
60°–120°E averaged vertical-meridional section of the 
anomalous temperature fields during the cold events. 
For the CTRL (Fig. 7a), a weak surface warming appears 
over the high latitudes of the Eastern Hemisphere on lag 
-2 days. This surface warming anomaly strengthens 
gradually, reaches up to 4 K on lag 2 days and weakens 
afterwards. Meanwhile, a shallow cold anomaly is seen, 
which reaches its minimum at lag 2 days. For WCPERT 
(Fig. 7b), a surface warming appears on lag -6 days and 
extends upward into the upper troposphere on lag -2 
days. This warming anomaly lasts to lag 4 days and then 
gradually weakens. Accompanying the Arctic deep 
warming, a deep Asian cold anomaly can be seen during 
lag -2 days to lag 4 days. Compared with the previous 
two experiments, an obvious surface warming anomaly 
appears as early as lag -6 days over high latitudes in 
WPERT (Fig. 7c), which exceeds 6 K and extends into 
the upper troposphere on lag -2 days. In addition to the 
surface warming centre, a second centre can also be 
observed in the mid-troposphere after lag 0 days. This 
Arctic deep warming anomaly lasts until lag 6 days, 
which is stronger and more persistent than that in the 
CTRL and WCPERT. Consistent with the Arctic warming, 
the surface cold anomaly over central Asia appears as 
early as lag -6 days and lasts to lag 8 days in WPERT. The 
Asian cold events in WPERT are also the strongest 
amongst the three experiments.

The 15°–65°E averaged vertical-meridional section of 
the anomalous temperature fields during the cold events 
is presented in Fig. 8. It further verifies that the cold 
events over central Asia are usually accompanied by 
Arctic deep warming, which is consistent with previous 
work by Labe et al. (2020) and He et al. (2020). What is 
more, the Arctic deep warming anomaly is the strongest 
and most persistent with the low BS SIC forcing including 
realistic daily variability. We know that sea-ice loss over 
Arctic, on average, may only warm the local lower atmo-
sphere (Serreze et al. 2009). It is possible that the 
enhanced Arctic deep warming in WPERT is the result of 
intensified anticyclonic anomaly over the Ural Mountains, 
and therefore, the increased poleward heat and water 
transport.

The wave activity flux is a useful tool for quantifying 
wave energy propagation (Takaya & Nakamura 2001). 
The source and sink of the wave packet can be repre-
sented by the divergence and convergence of wave activ-
ity flux. The vertical cross-section of wave activity flux 
associated with cold events is shown in Figs. 7 and 8. In 
CTRL (Fig. 7a), an upward and southward wave activity 
flux appears between 65° and 80°N as early as lag -6 days, 
which intensifies and reaches the maximum at lag 0 days. 

Table 2 The information about skewness coefficient and temperature 

corresponding to the 1st percentile (K) during the whole winter and 

Period 1 for the three experiments.

Information Period CTRL WCPERT WPERT

Skewness Winter -0.35 -0.32 -0.45

Period 1 -0.29 -0.49 -0.65

1st percentile Winter 246.7 246.2 246.2

Period 1 247.3 246.3 245.9
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Afterwards, it weakens and disappears at lag 4 days. In 
WPERT, the wave activity flux becomes stronger, espe-
cially at lag -2 days (Fig. 7c), and the divergence of wave 
energy also becomes stronger. However, this difference 
between CTRL and WCPERT is not very significant 
(Fig. 7b). If we focus on the domain of the BS, an evident 
upward wave activity flux can also be found (Fig. 8). The 

above analysis reveals that the linkage between Arctic 
and the downstream mid-latitude continent has been 
enhanced with the forcing of low SIC, especially with 
realistic daily variability.

To reveal the possible mechanism for the stronger 
and longer-lived dipole 500-hPa geopotential height 
anomalies in WCPERT and WPERT, the winter-mean 

Fig. 6 Lead-lag composites of difference of anomalous SAT and anomalous geopotential height at 500 hPa (contour interval 20 gpm) between WCPERT 

and CTRL (WCPERT—CTRL) associated with cold events during Period 1. (b) The same as (a), but between WPERT and WCPERT (WPERT—WCPERT). The 

dots and bold lines indicate where the temperature (geopotential height) values exceed the 90% confidence level, according to Student’s t-test.
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Fig. 7 Lead-lag composites of 60°–120°E averaged vertical-meridional section of temperature anomalies and wave activity flux (arrows; units: 10-2 m2 s-2) 

associated with cold events during Period 1 for (a) CTRL, (b) WCPERT and (c) WPERT. The colour indicates where the values exceed the 90% confidence 

level, according to Student’s t-test.
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Fig. 8 Lead-lag composites of 15°–65°E averaged vertical-meridional section of temperature anomalies and wave activity flux (arrows; units: 10-2 m2 s-2) 

associated with cold events during Period 1 for (a) CTRL, (b) WCPERT and (c) WPERT. The colour indicates where the values exceed the 90% confidence 

level, according to Student’s t-test.
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zonal winds in the CTRL and wind differences in 
WCPERT and WPERT at 500 hPa are shown in Fig. 9. 
The mid-high latitude zonal winds are reduced in both 
WCPERT and WPERT to some extent, which results in 
weakened energy dispersion and a stronger positive 
500-hPa geopotential height anomaly. Comparatively, 
the weakened zonal wind is concentrated over higher 
latitudes in WPERT than in WCPERT. As a result, the 
anticyclonic centre in WPERT maintains over higher lat-
itudes for a longer time period, whilst the anticyclonic 
centre in WCPERT retreats from high latitude to mid-lat-
itude quickly.

Discussion and conclusions

In this work, we have investigated the atmospheric 
response to low SIC with and without realistic daily vari-
ations over the BS using the CAM4.0 atmospheric gen-
eral circulation model. The emphasis is laid on the cold 
events over the Asian continent. Our results suggest that 
a mild boreal continental winter may be associated with 
sea-ice loss. However, with the forcing of low SIC over 
the BS with climatological daily variation, the cold events 
over central Asia may become stronger and of longer 
duration. Certainly, low SIC with realistic daily variation 
greatly intensifies the central Asian cold event, which 
may be mainly due to the amplified 500-hPa Ural anticy-
clone (Luo et al. 2016; Cohen et al. 2018; Xu et al. 2019; 
He et al. 2020; Labe et al. 2020), especially the down-
stream cyclone. Accompanying Asian cold events, a deep 
warm anomaly appears over the eastern Arctic, which 
extends into the upper troposphere. Our results suggest 
that low SIC with realistic daily variation over the BS is 
conducive to maintaining and strengthening the qua-
si-stationary state of the Ural anticyclonic anomaly and 
central Asian cyclonic anomaly. We partially attribute 
such an atmospheric quasi-stationary wave train 

response to the weakened zonal wind in mid- to high 
latitudes. The prescribed daily SIC variation over the BS 
is a result of air–sea interaction, which may act to lock 
the atmospheric responses in the surrounding perturbed 
region, making the anticlone centre relatively stable. We 
believe this study contributes to a better understanding 
of the linkage between sea-ice variation over the BS and 
Asian cold extremes, which will improve extreme 
weather predictions.

However, as a low-top model, CAM4.0 would not 
simulate realistic stratosphere–troposphere coupling, 
which may have some influence on the results presented 
here. Some previous studies have mentioned that the 
decline of Arctic sea ice in autumn is closely related to 
the anomalous atmospheric circulation in winter (Honda 
et al. 2009; Wu & Zhang 2010; Wu et al. 2011). 
Meanwhile, the response of boreal atmospheric circula-
tion to the reduction of sea ice during autumn and win-
ter is different (Tang et al. 2013). Future work will entail 
using the high-top model to explore atmospheric 
responses to sea-ice changes in autumn and winter sep-
arately and together.
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