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Abstract 

Together with rapid Arctic warming and sea ice decline, especially over the Barents–Kara seas (BKS), extreme cold 
winters have occurred frequently in mid-latitudes, particularly in Central Eurasia. A pattern with two distinct winter 
temperature anomalies centered over the BKS and Central Eurasia is known as the Warm Arctic–Cold Eurasia (WACE) 
pattern. The impacts of sea ice loss over the BKS and internal atmospheric variability on past WACE formation remain 
under discussion mainly due to the large internal atmospheric variability in the mid-latitudes. This study analyzed 
a large-ensemble historical experiment prescribing observed sea ice condition to investigate the role of internal 
atmospheric variability in the observed interannual variation of the WACE pattern. Comparison of ensemble mem-
bers suggests that internal atmospheric variability is important for regulating the magnitude of the WACE pattern. 
Besides the strong effect of local sea ice loss, winter temperature over the BKS increases due to warm advection 
driven by the Ural blocking and positive phase of the North Atlantic Oscillation. A decrease in winter temperature 
over Central Eurasia is mainly attributable to the cold advection enhanced by Ural blocking rather than the remote 
effect of sea ice decline over the BKS. Our study reveals the importance of internal atmospheric variability in elucidat-
ing the observed interannual variation of the WACE pattern.
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1 Introduction
Synchronous with rapid Arctic warming, the sea ice area 
has declined dramatically over the Arctic Ocean, espe-
cially over the Barents–Kara seas (BKS) since the 1990s 
(Stroeve and Notz 2018; Isaksen et  al. 2022; Rantanen 
et al. 2022), enhancing turbulent heat flux from the sur-
face to the atmosphere (Kim et  al. 2019). Nevertheless, 

extreme cold winters with increased freezing days and 
decreased minimum temperatures have occurred fre-
quently in mid-latitudes, especially in Central Eurasia 
(CEU) (Cohen et al. 2014; McCusker et al. 2016; Johnson 
et  al. 2018). This pattern with two distinct winter tem-
perature anomalies centered over the BKS and CEU is 
known as the Warm Arctic–Cold Eurasia (WACE) pat-
tern, which is characterized as the second leading mode 
of winter surface air temperature (SAT) over Eurasia 
(Mori et al. 2014). Despite the dedicated research effort 
in recent years on the causes of both the frequent cold 
winters in Eurasia and the WACE pattern, the mecha-
nism linking the Arctic and the mid-latitude winter cli-
mate remains to be fully elucidated (e.g., Inoue et  al. 
2012; McCusker et al. 2016; Sun et al. 2016; Zhang et al. 
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2018; Blackport et  al. 2019; He et  al. 2020; Wang and 
Chen 2022).

It has been proposed that sea ice decline over the BKS 
has influenced the recent cold winters in Eurasia (e.g., 
Inoue et  al. 2012; Mori et  al. 2019), and that modula-
tion of cyclone tracks and the troposphere-stratosphere 
pathway is responsible for the remote effect of sea ice 
loss (Inoue et al. 2012; Kim et al. 2014; Nakamura et al. 
2015; Zhang et  al. 2018). Inoue et  al. (2012) suggested 
that lower baroclinicity over the Barents Sea in low ice 
conditions reduces the eastward progression of cyclones, 
which leads to an anticyclonic anomaly over the Sibe-
rian coast that causes anomalous warm advection over 
the Barents Sea and cold advection over eastern Siberia. 
Zhang et al. (2018) pointed out that the downward influ-
ence of the stratospheric circulation anomaly, in response 
to late autumn sea ice loss, intensifies the ridge near the 
Ural Mountains and the trough over East Asia, favoring 
cold winters in Siberia. Nakamura et al. (2015) proposed 
that recent sea ice reduction in late autumn is linked to 
the negative phase of the Arctic Oscillation/North Atlan-
tic Oscillation (NAO) in winter, resulting in cold advec-
tion toward mid-latitudes.

Some studies have suggested that sea ice decline is 
not a crucial factor for cold winters in Eurasia (e.g., 
McCusker et  al. 2016; Blackport et  al. 2019; Blackport 
and Screen 2021), and that the formation of the WACE 
pattern is mainly attributable to internal atmospheric 
variability (e.g., Li et al. 2015; Sun et al. 2016; Ogawa et al. 
2018; He et  al. 2020). The negative interannual correla-
tion between winter sea ice over the BKS and cold win-
ters in CEU arises primarily because both are driven by 
the same anticyclonic circulation anomalies over the Ural 
region (Blackport et al. 2019). The Ural blocking (UB) is 
essential in inducing the WACE pattern, given that the 
BKS and CEU are influenced by warm and cold advec-
tion, respectively (Tyrlis et  al. 2020). He et  al. (2020) 
suggested that increased moisture and energy advection 
from the North Atlantic are necessary features when the 
WACE pattern is generated.

Previous studies based on observation data and model 
experiments have reported diverse results about the role 
of sea ice loss and internal atmospheric variability in the 
formation of the WACE pattern. The diversity is mainly 
attributable to the large internal atmospheric variabil-
ity in the mid-latitudes and the difficulties in separat-
ing cause from effect (Screen et  al. 2014; Blackport and 
Screen 2021). To address this issue, a large-ensemble 
simulation of an atmospheric general circulation model 
(AGCM) with perturbed initial conditions is useful, since 
it presents possible internal atmospheric variability real-
ized under the identical lower boundary condition. This 
benefit helps distinguish the role of internal atmospheric 

variability in forming the WACE pattern. Therefore, the 
first objective of this study is to investigate the role of 
internal atmospheric variability in the observed interan-
nual variation of the WACE pattern using a large-ensem-
ble historical experiment.

Although some studies have already pointed out that 
several internal atmospheric variability processes are 
essential for the formation of the WACE pattern (e.g., 
Luo et  al. 2016b; Blackport et  al. 2019), their combined 
effect leading to the WACE pattern has not been quan-
titatively studied yet, owing to the limited sample size in 
observation. Hence, the second objective of this study is 
to quantitatively analyze the combined effect of internal 
atmospheric variability on the WACE pattern. The find-
ings of this study are expected to improve the skill in pre-
dicting extreme cold weather over Eurasia by developing 
a deeper understanding of the linkage between the Arctic 
and the mid-latitude climate.

2  Data and methods
2.1  Data
The monthly temperature, sea-level pressure (SLP), wind, 
surface heat flux, and 6-hourly geopotential height data 
used in this study were obtained from the European Cen-
tre for Medium-Range Weather Forecasts Reanalysis v5 
with horizontal resolution of 0.25° × 0.25° (Hersbach et al. 
2020). The observed monthly sea surface temperature 
(SST) and sea ice concentration (SIC) data were obtained 
from Centennial in  situ Observation‐Based Estimates 
of SST version 2 (COBE-SST2) with horizontal resolu-
tion of 1° × 1° (Hirahara et al. 2014). For convenience, the 
reanalysis data are regarded as observation data in the 
remaining discussion.

This study used data from the “Database for Policy 
Decision-Making for Future Climate Change,” produced 
by the Meteorological Research Institute AGCM version 
3.2 with a high-resolution grid interval of 60 km (Mizuta 
et  al. 2017). The large-ensemble size and the long-term 
simulation of this dataset provide the opportunity to 
analyze internal atmospheric variability. We adopted a 
historical experiment (hereafter, HIST) spanning 1951–
2020, which was conducted by prescribing the observed 
SST and SIC from COBE-SST2 as the lower boundary 
conditions, and the observed greenhouse gases, aero-
sols, and ozone as external forcing (Mizuta et  al. 2017; 
Imada et al. 2020). To analyze HIST for the period with 
reliable observation data, we focused our study on 
1979–2020. HIST contains 100 members with perturbed 
initial conditions and boundary conditions. Therefore, 
the ensemble-mean can be considered as the response 
to the external forcing. In contrast, the variation among 
the ensemble members can be taken as a reflection of 
the internal atmospheric variability of the climate system 
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(i.e., the land–atmosphere system excluding the ocean 
component).

2.2  Method
We applied empirical orthogonal function (EOF) analy-
sis separately to the observed and simulated winter 
(December–February) latitude-weighted SAT anomalies 
over Eurasia (20°–90°  N, 0°–180°  E) during 1979/1980–
2019/2020 to extract the WACE pattern and its index. 
Overall, 4100 snapshots concatenated by 100 members 
over 41  years of simulated winter SAT anomalies were 
analyzed. Then, their corresponding principal compo-
nents (PC) were rearranged on the time axis to present 
the PC for each member. The first leading mode denotes 
the continental warming pattern with positive SAT 
anomalies over the Eurasian continent (Additional file 1: 
Fig. S1a and S1c). The second leading mode denotes the 
WACE pattern with positive and negative SAT anoma-
lies over the BKS and CEU, respectively (Additional file 1: 
Fig. S1b and S1d). The simulated WACE pattern is similar 
to that observed, with a spatial correlation coefficient of 
approximately 0.86 (Additional file 1: Fig. S1b and S1d). 
The time series of the observed and simulated second 
leading mode are defined as the observed WACE index 
and simulated WACE index for each member, respec-
tively (Additional file 1: Fig. S1f and S1h).

Similarly, we also applied EOF analysis separately to 
the observed and simulated winter latitude-weighted 
SLP anomalies over the Atlantic sector (20°–80°  N, 
90° W–40° E) during 1979/1980–2019/2020 to determine 
the winter NAO pattern and its index. The first leading 
mode is defined as the winter NAO pattern, exhibit-
ing opposite SLP anomalies over the Azores and Iceland 
(Additional file  2: Fig. S2a). The simulated winter NAO 
pattern is very similar to the observed winter NAO pat-
tern, with a spatial correlation coefficient of 0.98 (not 
shown). The time series of the observed and simulated 
first leading modes are defined as the observed winter 
NAO index and simulated winter NAO index for each 
member, respectively (Additional file 2: Fig. S2b).

We calculated the UB frequency following Tibaldi 
and Molteni (1990), which considers the meridional 
gradient of daily 500-hPa geopotential height over 
40°–80°  E corresponding to the Ural region. Firstly, 
we calculated the daily northern meridional gradient 
(Z80◦ N+� − Z60◦ N+�)/((80

◦
N +�) − (60◦ N +�)) 

and daily southern meridional gradient 
(Z60◦ N+� − Z40◦ N+�) /((60

◦
N +�) − (40◦N +�)) 

for each longitude. Here, Z is the 500-hPa geopotential 
height and � varies from − 5°, 0°, to 5°. Secondly, block-
ing was detected on daily basis if the northern meridi-
onal gradient <  − 10 gpm per degree latitude and the 
southern meridional gradients > 0 for at least one of the 

� , and such condition persists for at least three consecu-
tive days. Finally, after the detection of the blocking days, 
winter UB frequency was defined as the total blocking 
days averaged over 40°–80°E in each winter (Additional 
file 2: Fig. S2c). For observation and each member of the 
ensemble simulation, the standardized winter UB fre-
quency for 41 years is used as the winter UB index.

3  Results
3.1  Observed and simulated winter temperature change 

over the Barents–Kara seas and Central Eurasia
The observed and simulated winter SAT and circulation 
trends are shown in Fig. 1a and b, respectively. There is 
an observed warming trend centered over the BKS and 
a cooling trend over CEU, with positive surface pressure 
and anticyclonic circulation trend over the Ural region 
(Fig.  1a). The ensemble-mean of the simulated winter 
SAT trend shows a similar but weaker warming  trend 
over the BKS (Fig. 1b). Because the ensemble-mean trend 
could be considered as the trend due to external forcing, 
results above suggest the external forcing largely causes 
observed warming trend over the BKS. The positive sur-
face pressure and anticyclonic circulation trend over the 
Ural region, and the cooling trend over CEU are not seen 
in the ensemble-mean fields (Fig.  1b). This implies that 
the influence of internal atmospheric variability is large 
in the observed cooling trend over CEU.

The interannual variation in winter SAT over the BKS 
and CEU is shown in Fig. 1c and d, respectively. Both the 
observed and the ensemble-mean of the simulated win-
ter SAT over the BKS show a rapid increase, especially 
after the late 1990s (Fig.  1c) when the winter sea ice in 
this region started to decline rapidly, indicating a strong 
effect of local sea ice loss on SAT (Kim et al. 2019). Nev-
ertheless, the intermember spread of the simulated win-
ter SAT trend over the BKS is not negligible, as shown in 
Fig.  2, indicating that the effect of internal atmospheric 
variability could also perturb the observed winter warm-
ing over the BKS. In contrast to the rapid warming over 
the BKS, several observed cold winters occurred in CEU 
around 2010 (Fig.  1d). The intermember spread of the 
simulated winter SAT trend over CEU is very large, sug-
gesting a crucial role of internal atmospheric variability 
on observed winter cooling over CEU (Fig. 2).

3.2  Second leading mode of winter temperature 
over Eurasia

The observed winter SAT trend in recent decades shows 
a WACE-like pattern (Figs. 1a and Additional file 1: S1b). 
EOF analysis was applied separately to the observed and 
simulated winter SAT anomalies over Eurasia to study 
the interannual variation of the WACE pattern. The 
second leading mode of the simulated winter SAT over 
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Eurasia exhibits a WACE structure, accounting for 14% 
of the total variance (Fig. 3a). The pattern shows a warm 
anomaly centered over the BKS and a cold anomaly cen-
tered over CEU, with an intensified surface high and an 

anticyclonic circulation over the Ural region (Fig.  3a). 
Both the observed and the ensemble-mean of the simu-
lated WACE index increase rapidly after the late 1990s, 
suggesting a strong effect of the external forcing on the 

Fig. 1 Observed and simulated winter temperature change over the BKS and CEU. a, b Linear trends of winter SAT (shading; °C/decade), SLP 
(contour; hPa/decade; 0.2 intervals with negative values shown by dashed lines), and 850-hPa wind (vector; m/s/decade) for observations (a) 
and 100-member ensemble mean (b) during 1979/1980–2019/2020. Areas indicated by the green and orange lines in (b) denote the locations 
of the BKS (70°–80° N, 30°–70° E) and CEU (40°–60° N, 60°–120° E), respectively. c, d Interannual variation of observed and simulated winter SAT 
over the BKS and CEU, respectively, during 1979/1980–2019/2020. Green and orange lines denote observed winter SAT over the BKS and CEU, 
respectively; black lines denote the 100-member ensemble-mean; 25th–75th percentiles and 5th–95th percentiles of the ensemble spread are 
indicated by dark and light shading, respectively

Fig. 2 Intermember spread of the simulated winter SAT trend. a The standard deviation of the 100-member simulated winter SAT trend (°C/
decade). The green and orange regions denote the location of the BKS and CEU, respectively. b Observed (star) and simulated (box and whisker) 
winter SAT trends over the BKS and CEU. The upper and lower whiskers of the box are the maximum and minimum values, respectively; the upper 
and lower sides of the box are the upper and lower quartiles, respectively. Horizontal solid lines across the boxes denote the 100-member 
ensemble-mean
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observed WACE index (Fig. 3b). Simultaneously, the sim-
ulated WACE index shows a large intermember spread, 
indicating that internal atmospheric variability also 
attributes to the observed interannual variation of the 
WACE pattern (Fig. 3b).

It is crucial to establish the extent to which internal 
atmospheric variability determines the observed inter-
annual variation of the WACE pattern. To address this 
problem, two different groups of members extracted 
from the 100 members were selected, considering the 
similarity in the observed WACE index. Prior to this 
selection, the interannual correlation coefficient between 
the observed WACE index and simulated WACE index 
for each member was calculated, as summarized in 
Fig.  3c. We selected the 10 members with the highest 
correlation coefficient (r > 0.47) and the 10 members with 
the lowest correlation coefficient (r < 0.11); hereafter, they 
are referred to as the high-correlation group and the low-
correlation group, respectively (Fig.  3c). The averaged 

winter SAT of the high-correlation group well repro-
duces the observed interannual variation of the winter 
SAT over the BKS (r = 0.88) and CEU (r = 0.45) (Addi-
tional file  3: Fig. S3). Hence, the averaged WACE index 
of the high-correlation group also shows high correlation 
against the observation (r = 0.86) (Fig.  3d). Conversely, 
the averaged winter SAT of the low-correlation group 
reproduces the observed interannual variation of winter 
SAT over the BKS (r = 0.81) (Additional file 3: Fig. S3a), 
mainly because of the prescribed SST and SIC, while it 
fails to reproduce the observed interannual variation of 
the winter SAT over CEU (r = 0.05) (Additional file 3: Fig. 
S3b). Hence, the averaged WACE index of the low-corre-
lation group leads to low correlation against the observa-
tion (r = 0.11) (Fig. 3d). The diversity of simulated WACE 
index between the two groups is derived mainly from the 
difference in simulated winter SAT over CEU (Additional 
file  3: Fig. S3b). Because both groups are prescribed 
by the observed sea ice condition but have different 

Fig. 3 Simulated WACE pattern and member selection. a Regression patterns of winter SAT (shading; °C), SLP (contour; hPa; 0.2 intervals 
with negative values shown by dashed lines), and 850-hPa wind (vector; m/s) anomalies against the member-concatenated simulated WACE 
index during 1979/1980–2019/2020. The specified value denotes the explained variance ratio. b Interannual variation of observed and simulated 
WACE index. Blue and black lines denote the observed WACE index and WACE index for the 100-member ensemble mean, respectively; 25th–75th 
percentiles and 5th–95th percentiles of the ensemble spread are indicated by dark and light shading, respectively. Numbers in parentheses 
denote the WACE index trend (σ/decade) during the study period. c Histogram of the interannual correlation coefficient between the observed 
WACE index and simulated WACE index for each member. Green and orange bars denote the 10 members of the high-correlation (HC) group 
and the 10 members of the low-correlation (LC) group, respectively. d Interannual variation of WACE index for the observation, high-correlation 
group, and low-correlation group. The blue line denotes the observed WACE index; thin and thick green lines denote the 10 members 
of the high-correlation group and their average, respectively; thin and thick orange lines denote the 10 members of the low-correlation group 
and their average, respectively
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performances in simulating winter SAT over CEU and 
thus different WACE index, the two groups were com-
pared to investigate the role of internal atmospheric vari-
ability in the mechanism of the observed cold winters in 
CEU and the formation of the WACE pattern.

3.3  Different circulation and temperature patterns related 
to winter sea ice decline over the Barents–Kara seas

The influence of sea ice decline over the BKS on the for-
mation of cold winters in Eurasia has been proposed by 
many studies (e.g., Inoue et  al. 2012; Mori et  al. 2019). 
This subsection investigates different circulation and 
temperature patterns between the 10-member mean of 
the high-correlation group and the 10-member mean of 
the low-correlation group. Since the prescribed sea ice 
condition was identical in the high-correlation group and 
low-correlation group, the sea ice-induced atmospheric 
variability can be regarded as nearly the same between 
the two groups. The differences between the two groups 
are regarded as a manifestation of internal atmospheric 
variability.

Here, we study observed pressure and temperature pat-
terns at the surface level related to winter sea ice decline. 
The regression analysis on sign-reversed SIC over the 
BKS shows higher surface pressure over the Ural region 
(Fig. 4a). It is also found that higher surface pressure over 
the Northern Atlantic and lower surface pressure over 
Iceland, indicating the presence of positive NAO. For 

the observed temperature pattern, there are positive and 
negative SAT anomalies over the BKS and CEU, respec-
tively (Fig. 4a).

According to the similar regression analysis for the 
historical experiment, the high-correlation group shows 
a pattern similar to that of the observation, although the 
positive surface pressure anomaly over the Ural region 
and negative SAT anomaly over CEU are weaker in the 
high-correlation group (Fig.  4b). In contrast, the low-
correlation group shows lower surface pressure over the 
Ural region, absence of positive NAO, and positive SAT 
anomaly over CEU (Fig. 4c).

The difference between the two groups, which is 
regarded as a manifestation of internal atmospheric 
variability, shows clear positive NAO phase and higher 
surface pressure over the Ural region, with positive and 
negative SAT anomalies over the BKS and CEU, respec-
tively (Fig. 4d). This indicates the observed cold CEU is 
better reproduced when internal atmospheric variability 
resembles observation.

In the same way, the circulation and horizontal tem-
perature advection pattern at the 850-hPa related to 
winter sea ice decline is investigated in Fig. 5. The cir-
culation pattern at this level corresponds well with the 
surface pressure pattern (Figs. 4 and 5). The horizontal 
temperature advection pattern in the high-correlation 
group is similar to the observation, with a warm and 
cold advection over the BKS and CEU, respectively 

Fig. 4 Winter circulation and SAT patterns related to reversed winter sea ice change over the BKS. a Regressed observed winter SAT (shading; °C) 
and SLP (contour; hPa; 0.4 intervals with negative values shown by dashed lines) anomalies on observed winter SIC over the BKS. Note that SIC 
was sign-reversed and normalized. b, c Similar to (a), but (b) is for the 10-member mean of the high-correlation group, c is for the 10-member mean 
of the low-correlation group. d The difference between (b) and (c). Dots in a–c denote shading statistically significant at the 0.05 level by Student’s 
t test
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(Fig.  5a and b). On the contrary, the temperature 
advection pattern over the two regions is very weak or 
even reversed in the low-correlation group (Fig. 5c).

The difference between the high-correlation group 
and low-correlation group shows anticyclonic circula-
tion anomalies over the Ural region and positive NAO 
(Fig. 5d). Their coincidence promotes warm advection, 
which is maintained mainly by meridional component, 
and increases the temperature over the BKS (Figs.  5d 
and Additional file  4: S4d). These features agree with 
Luo et al. (2017), which suggested this circulation pat-
tern promotes the transport of moisture and heat from 
the North Atlantic near the Gulf Stream extension 
region, where SST is high, toward the BKS. Simultane-
ously, the northerly wind that dominates to the east of 
the Ural region enhances cold advection from the BKS 
to CEU, leading to a temperature decrease over CEU 
(Figs. 5d and Additional file 4: S4d). This result under-
scores the importance of internal atmospheric vari-
ability for forming the observed cold winters in CEU 
and the WACE pattern.

The southerly wind anomaly heading to BKS appears 
not to contribute to the sensible and latent heat flux 
over the BKS (Additional file  5: Fig. S5d and S5h). 
Actually, the warmer and wetter air from the North-
ern Atlantic tends to weaken sea-air temperature dif-
ference and humidity difference. As a result, it could 
mitigate turbulent heat flux from the ocean to the air.

3.4  Relationship between internal atmospheric variability 
and the WACE pattern

Figures  4 and 5 suggest that UB-like anticyclonic cir-
culation and the NAO have essential impacts on the 
formation of the WACE pattern. This subsection quan-
titatively investigates the relationships among UB, the 
NAO, and the WACE pattern. The relationships are 
summarized in Fig.  6 based on the simulated  4100 
years. The WACE index tends to be higher when both 
the UB index and NAO index are large (Fig.  6b). This 
result indicates that UB, together with the positive 
NAO, contributes substantially to the amplification of 
the WACE pattern, supporting the claim by Luo et  al. 
(2016b).

The winter SAT over the BKS varies similarly to the 
WACE index in accordance with changes in winter UB 
and NAO (Fig.  6c), indicating that the WACE index 
largely reflects the variation of winter SAT over the 
BKS, as suggested by Komatsu et  al. (2022). The winter 
SAT over the BKS tends to be warmer when both the 
UB index and NAO index are large (Fig. 6c). This is pre-
sumably because the circulation condition provides an 
efficient energy pathway from the North Atlantic to the 
BKS (Fig. 5; Luo et al. 2017). The quantitative analysis and 
regression analysis of the large simulation cases indicate 
similar contributions of the UB and positive NAO on the 
formation of warmer SAT over the BKS (Figs. 6c, Addi-
tional file 6: S6b and S6d).

Fig. 5 Winter horizontal temperature advection pattern related to reversed winter sea ice change over the BKS. Similar to Fig. 4, but for winter 
horizontal temperature advection (shading; °C/day) and wind (vector; m/s) at 850-hPa. Dots in a–c denote shading statistically significant at the 0.05 
level by Student’s t test. The grey shadings in denote the topography
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Winter SAT over CEU tends to be colder under the 
combination of UB and negative NAO (Fig.  6d). The 
effect of winter UB on cold CEU is more significant than 
negative NAO (Figs. 6d, Additional file 6: S6b, and S6d), 
probably because the negative NAO mainly decreases 
the temperature over northern Eurasia rather than CEU 
(Additional file  6: Fig. S6d). Although the observation 
results could reflect the relationships among UB, the 
NAO, and the WACE pattern, which are mainly similar 
to those large-ensemble show, the number of observed 

cases is limited to draw a robust conclusion (Additional 
file 6: Figs. S6a, S6c, and Additional file 7: S7).

4  Discussion
Some studies claimed the surface warming caused by sea 
ice loss over the BKS provides conditions favorable for 
the occurrence of UB (Luo et al. 2016a; Kim et al. 2022), 
which in turn amplifies local sea ice loss (Gong and Luo 
2017; Tyrlis et al. 2020). Our study also investigated the 
relationship between winter SIC over the BKS and the 

Fig. 6 Relationship between winter internal atmospheric variability and the WACE pattern for the simulated 4100 years. Scatterplot of the winter 
NAO and UB indexes. Values denote the year count (a), averaged WACE index (b), and standardized averaged winter SAT over the BKS (c) and CEU 
(d)
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winter UB frequency based on the large-ensemble his-
torical experiment. Their correlation is not statistically 
significant in both observation and simulation (Fig.  7a), 
suggesting the influence of winter sea ice decline on 
winter UB frequency is weak. The robust two-way inter-
action between the sea ice loss and UB frequency at dif-
ferent timescales could be a future research topic. Early 
winter and late autumn sea ice loss tends to weaken the 
stratospheric polar vortex, leading to more frequent neg-
ative NAO state in winter (Kim et  al. 2014; Nakamura 
et  al. 2015). Results in this study suggest the negative 
correlation between winter sea ice over the BKS and win-
ter NAO is very weak although positive NAO is slightly 
favored when sea ice declines (Fig. 7b).

Figure  8 presents the winter SAT and SLP anoma-
lies related to winter sea ice decline over the BKS. The 
sea ice-induced atmospheric variability could be rep-
resented by the 100-member ensemble-mean, which 
establishes WACE-like temperature contrast between the 
BKS and CEU. In the high-correlation group, the inter-
nal atmospheric variability (Ural blocking and positive 
phase of NAO, Fig. 4b) possibly produces a warmer BKS 
and colder CEU than the ensemble-mean, leading to a 
greater WACE-like pattern (Fig.  8). On the other hand, 
in the low-correlation group, the internal atmospheric 

Fig. 7 Relationship between winter sea ice over the BKS and winter internal atmospheric variability. a Scatterplot for standardized winter SIC 
over the BKS and winter UB index for the observed 41 years (blue squares) and simulated 4100 years (grey dots). b Similar to a, but for the 
relationship between standardized winter SIC over the BKS and winter NAO index. The texts denote the correlation coefficient and p-value

Fig. 8 Winter SAT and SLP anomalies related to winter sea 
ice decline over the BKS. Regressed winter SAT anomalies (°C) 
over the BKS (70°–80° N, 30°–70° E) and CEU (40°–60° N, 60°–120° E), 
and SLP anomalies (hPa) over the Ural region (40°–80° N, 40°–80° E) 
on reversed and normalized winter SIC over the BKS. The black 
stars and grey boxes denote the observation results and simulation 
results for each member, respectively. The upper and lower whiskers 
of the box are the maximum and minimum values, respectively; 
the upper and lower sides of the box are the upper and lower 
quartiles, respectively. Horizontal solid lines across the boxes 
denote the 100-member ensemble-mean. The green and orange 
dots denote the 10-member mean of the high-correlation group 
and 10-member mean of the low-correlation group, respectively
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variability (negative SLP anomalies over the Ural region, 
Fig. 4c) acts oppositely to what happens in the high-cor-
relation group. Hence, the atmospheric response to sea 
ice is obscured (Fig. 8). Overall, the internal atmospheric 
variability in the high-correlation group and low-correla-
tion group both affects the WACE pattern, but their roles 
are opposite.

Finally, we will discuss the limitation of the current 
study. The large-ensemble historical simulation adopted 
in this study was created using the AGCM. As in Fig. 8, 
the model is likely to underestimate the SAT anomaly 
over the BKS related to local sea ice decline. Despite that, 
the observed SLP anomaly over the Ural region and SAT 
anomaly over CEU are within the range of the ensemble 
spread (Fig.  8). These results imply that the model has 
the ability to simulate SLP anomaly over the Ural region 
and SAT anomaly over CEU as they are observed. How-
ever, there is the possibility that the underestimated SAT 
anomalies over the BKS can indirectly cause underes-
timation of the cold CEU. Experiments with two-way 
atmosphere–ocean coupling configuration will be suit-
able for the investigation of sea ice impact. Large-ensem-
ble experiment conducted by the atmosphere–ocean 
general circulation model is desired for further investiga-
tion of the WACE pattern.

5  Conclusion
This study analyzes a large-ensemble historical experi-
ment to investigate the roles of internal atmospheric vari-
ability in the observed interannual variation of the WACE 
pattern. Analysis of the observed and simulated winter 
SAT change over the BKS indicates that the warming 
trend over the BKS is mainly caused by external forcing, 
but the contribution of internal atmospheric variability 
cannot be ignored (Figs.  1 and 2). On the contrary, the 
winter cooling trend over CEU is largely regulated by the 
internal atmospheric variability (Figs. 1 and 2).

Results of EOF analysis on winter SAT anomalies over 
Eurasia suggest that both external forcing and internal 
atmospheric variability contribute to the observed inter-
annual variation of the WACE pattern (Fig. 3b). Compar-
ison of ensemble members suggests UB-like anticyclonic 
circulation and the NAO are the key internal atmospheric 
variability responsible for the observed interannual vari-
ation of the WACE pattern (Fig. 4). The UB-like anticy-
clonic circulation, together with the positive NAO phase, 
provides an efficient energy transport pathway from the 
North Atlantic to the BKS, promoting warm advection 
and increasing regional winter SAT over the BKS (Fig. 5). 
The northerly wind that dominates to the east of the Ural 
region enhances cold advection and reduces regional 
winter SAT over CEU (Fig. 5).

This study also quantitatively analyzes the combined 
effect of UB and NAO on the WACE pattern using a 
large-ensemble experiment. Results indicate similar con-
tributions of the UB and positive NAO on the forma-
tion of warmer SAT over the BKS (Fig. 6c). The effect of 
winter UB to form colder CEU is greater than that of the 
negative NAO (Fig. 6d).

Other factors, such as winter tropical Pacific cooling 
and autumn snow cover reduction, also contribute to cold 
winters in CEU (Matsumura and Kosaka 2019; Luo et al. 
2021; Xu et al. 2018). Recent changes in the Arctic Ocean 
have altered the hydrological cycle in circumpolar terres-
trial regions (Sato et  al. 2022). Hence, it is necessary to 
study the variability in land–atmosphere interaction over 
CEU in the future. Hori and Oshima (2018) compared 
the WACE pattern using large-ensemble experiments 
under historical simulation and non-warming simulation. 
Considering the possible interaction between sea ice loss 
and internal atmospheric variability, future studies could 
utilize large-ensemble experiments to investigate the 
sensitivity of the future WACE pattern under continuing 
reduction of Arctic sea ice.

This study focuses on the seasonal mean SAT pat-
tern. The follow-on studies are expected to conduct the 
analysis of daily to subseasonal timescale to understand 
the development of the WACE pattern as such aspect 
drew attention in recent studies (Tyrlis et  al. 2020; Kim 
et al. 2021; Yin et al. 2023). The subseasonal analysis for 
the development of internal atmospheric variability and 
temperature anomalies over the key regions using large-
ensemble experiments could be a future research topic.
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