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Abstract
Anomalous coldness was observed over midlatitude Eurasia in 

December 2020 and over subpolar Eurasia in January 2021. The 
former was accompanied by the Warm Arctic and Cold Eurasia 
(WACE) pattern, while the latter by the negative phase of the 
Arctic Oscillation (AO). A set of large ensemble experiments with 
an atmospheric general circulation model suggests a contribution 
of reduced Arctic Sea ice to the midlatitude cooling and WACE 
pattern in December 2020. The tropical and extratropical sea sur-
face temperature (SST) anomalies, however, contribute to warm-
ing over midlatitude Eurasia. In January 2021, neither the sea ice 
nor SST anomalies can explain the subpolar Eurasian cooling and 
the negative AO in our experiments.

(Citation: Nishii, K., B. Taguchi, M. Mori, Y. Kosaka, and 
H. Nakamura, 2022: Arctic Sea ice loss and Eurasian cooling in 
winter 2020−21. SOLA, 18A, 199−204, doi:10.2151/sola.2022-
032.)

1. Introduction

In the early 2020−21 winter, China experienced several 
outbreaks of extreme cold waves that accompany blockings over 
Eurasia (e.g., Bueh et al. 2022). Impacts of the sea ice anomaly 
(SIA) in the Arctic, La Niña, and warm sea surface temperature 
anomalies (SSTAs) in the North Atlantic on those cold waves 
have been discussed (Yao et al. 2022; Zhang et al. 2022; Zheng 
et al. 2022). Among them, Zhang et al. (2022; hereafter referred 
to as ZZD22) argued through atmospheric general circulation 
model (AGCM) experiments that the SIA and warm SSTA in the 
extratropical North Pacific associated with the Pacific decadal 
oscillation (PDO) have potential to induce those cold waves. 

The impact of the SIAs in Arctic on midlatitude weather, how-
ever, has been under intense debate (e.g., Overland et al. 2021). 
Some studies argued that SIA in the Barents-Kara Seas (BKS) can 
induce the Warm Arctic and Cold Eurasia (WACE) pattern that ac-
companies warming over the Arctic and cooling over midlatitude 
Eurasia (Inoue et al. 2012; Mori et al. 2014, 2019), while others 
argued that atmospheric blocking over the Ural Mountains can 
force the WACE pattern and SIA, and thus cause their covariation 
and interaction (e.g., Tyrlis et al. 2019). Some studies argue 
that the SIA impact on Eurasian temperatures is indiscernible in 
AGCMs and seasonal forecast models (e.g., Ogawa et al. 2018; 
Komatsu et al. 2022).

The aim of this study is to evaluate the impact of the SIA and 
SSTA on the 2020−21 winter climate in Eurasia, based on large 
ensemble experiments of an AGCM. Our AGCM is independent 
from that used in ZZD22. We also investigate whether concurrent 
SIA and SSTA could trigger the WACE pattern. In addition, we 
discuss the Arctic Oscillation (AO; Thompson and Wallace 1998) 
and associated surface air temperature (SAT) variability in sub
polar Eurasia (Mori et al. 2014; Nakamura et al. 2015).

2. Data and method

2.1 Data
We use the Japanese 55-year Reanalysis (JRA-55) dataset 

(Kobayashi et al. 2015). Daily SST and sea ice concentration (SIC) 
data prescribed to our AGCM were taken from the US National 
Oceanic and Atmospheric Administration (NOAA) Optimally In-
terpolated Advanced Very High Resolution Radiometer Pathfinder 
SST (OISST) data compiled on a 0.25° × 0.25° grid. Its version 
2.1 (Huang et al. 2021) is used for the 2020−21 winter, while its 
version 2 (Reynolds et al. 2007) is adopted for the daily clima-
tological seasonal cycles defined as their local averages between 
1982 and 2013 for individual calendar days.

The observed SSTA and SIA averaged over December 2020 
and January 2021 are shown in Fig. 1. In the tropical Pacific, a 
moderate cool SSTA was observed around the dateline, while 
warm SSTAs in the midlatitude North Pacific and Atlantic exceed 
three standard deviations. The SICs are lower than its climatology 
over the BKS and Bering Strait. In particular, the SIC averaged 
over BKS (70°N−80°N, 30°E−80°E) is the 3rd smallest in the last 
40 seasons (from 1981−82 to 2020−21).

2.2 Numerical simulations
We used an AGCM for the Earth Simulator (AFES; Ohfuchi 

et al. 2004; Kuwano-Yoshida et al. 2010). The horizontal resolu-
tion is T119 (about 100 km) and the model top is around the 0.1-
hPa pressure level. We performed five sets of AGCM experiments 
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Fig. 1. (a) Observed SSTAs averaged in December 2020 and January 
2021. The unit is K. (b) As in (a), but for SIAs (%).
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characteristic of the WACE pattern (Fig. 2a).
Figure 2b shows the 100-member ensemble-mean SAT re-

sponse to the observed SIA in December 2020. A warm response 
is found over the Arctic Ocean including the BKS, while a 
significant cooling response is located over midlatitude Eurasia. 
The area-averaged SAT response over midlatitude Eurasia to the 
SIA is −0.4 K, which is statistically significant at the 5% level 
(Table 1), suggesting that a part of the observed cooling (−2.5 K 
in JRA-55) is attributable to this response to the SIA. In fact, the 
observed SIA may have doubled the occurrence probability of 
the observed cooling (see Supplement 2). The pair of the cooling 
response over midlatitude Eurasia and warming response over 
the BKS suggest that the SIA forced, at least partly, the WACE 
pattern in this month. In contrast, the response to the observed 
global SSTA features uniform warming over Eurasia (not shown). 
The area-averaged response to the global SSTA is positive in 
midlatitude Eurasia (+1.0 K; Table 1). Responses to tropical and 
extratropical SSTAs both contribute to this warming over Eurasia 
(Table 1). The response to the concurrent SSTA and SIA is similar 
to the response to the SSTA only, which suggests the relatively 
weak response to the SIA.

In the mid-troposphere (Fig. 3a), a positive height anomaly 

forced with different lower-boundary conditions. See Supplement 
1 for the details of boundary conditions and definitions of re-
sponses to them. Each of the five experiments has 100 ensemble 
members integrated from 1 September 2020 through 31 January 
2021. This ensemble size has been determined following Mori 
et al. (2014), who noted that the response to SIAs could not be 
detected with less than 80 ensemble members.

3. Results

3.1 Ensemble-mean responses to SIA and SSTA
In December 2020, a cold SAT anomaly (SATA) was observed 

in JRA-55 mainly over midlatitude Eurasia (Fig. 2a), while in 
January 2021, the cold anomaly region shifted to subpolar Eurasia 
(Fig. 2c). The SATs averaged over midlatitude Eurasia (35°N− 
50°N, 60°E−120°E) in December 2020 and over subpolar Eurasia 
(55°N−70°N, 60°E−120°E) in January 2021 were both the third 
lowest among the last 42 Decembers (1979−2020) and the last 42 
Januarys (1980−2021), respectively. Meanwhile, warm SATAs 
were observed over the BKS in both months. The pair of this 
warm anomaly and the midlatitude cold anomaly in December are 

(a) (b)

(c) (d)

Fig. 2. (a) SATAs in December 2020 based on JRA-55. The unit is K. (b) As in (a), but for AGCM response in SAT to observed SIAs. Dots represent anom-
alies significant at the 5% level with Student’s t-test. (c) As in (a), but for January 2021. (d) As in (b), but for January 2021. Black squares in (a) and (b) 
represent domains for the midlatitude Eurasia (35°N−50°N, 60°E−120°E) and subpolar Eurasia (55°N−70°N, 60°E−120°E).

Table 1. Simulated ensemble-mean responses of SAT over mid-latitude Eurasia, the WACE index, SAT over subpolar Eurasia, and the AO 
index to observed anomalies of sea ice, global SST, tropical SST, extratropical SST, and sea ice and global SST. See Supplement 1 for the 
definition of responses. SATAs and indices in JRA-55 are also shown. Asterisks indicate responses statistically significant at the 5% level 
with Student’s t-test.

December 2020 January 2021

Midlatitude Eurasia SAT (K) The WACE index Subpolar Eurasia SAT (K) The AO index

Sea ice
Global SST
Tropical SST
Extratropical SST
Global SST and sea ice
JRA-55

−0.4*
1.0*
0.7*
0.6*
0.9*

−2.5

1.7*
0.4*
0.0
0.3*
1.9*
1.5

0.5
2.3*
1.5*
0.4
2.3*

−5.7

0.1
0.2*
0.3*

−0.1
0.3*

−1.6
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was observed in December over the Ural Mountains (40°E−70°E) 
with a negative height anomaly over midlatitude Eurasia around 
100ºE. These anomalies should induce low-level anomalous 
northerlies in between, contributing to the cold SATA (Fig. 2a). In 
addition, positive and negative height anomalies were observed 
over the North Atlantic and Europe, respectively, with eastward 
wave-activity flux (Takaya and Nakamura 2001), suggesting that 
Rossby wave propagation from the Atlantic may also contribute 
to the formation of the WACE anomalies (Fig. 3a). In the model 
response to the SIA, the positive height response over the Ural 
Mountains is not statistically significant (Fig. 3b). However, the 
height response over the Ural Mountains in November shows clear 
resemblance to the observed anomaly in December (Fig. 4b). This 
positive height response combined with the negative response 
downstream, both of which are statistically significant, should 
induce low-level northerlies and thus cooling in midlatitude Eur-
asia, which persists until December. Note that the corresponding 
positive height anomaly is not observed in November in JRA-55 
(Fig. 4a). This disagreement may be related to a tendency that 
AFES responses to SIAs precede observed anomalies associated 
with the SIAs (Nakamura et al. 2015). The wave propagation from 
the Atlantic is missing in the response to the SIA. In contrast, as 
a response to the extratropical SSTA (Fig. 3d), prominent anticy-
clonic anomalies are simulated over the Ural Mountains and the 
midlatitude North Atlantic, although the Eurasian cooling is not 
simulated (figure not shown). The response to the tropical SSTA 
features no well-defined mid-tropospheric circulation anomalies 
over Eurasia except around Japan and Europe (Fig. 3c). 

In January 2021, a cooling response to the observed SIA is 
found mainly over the southern portion of the Far East (Fig. 2d), 
and the observed cooling in subpolar Eurasia (Fig. 2c) is not 
simulated. Nor can SSTAs explain the cooling in subpolar Eurasia 
(Table 1). Rather, the tropical SSTA induces strong warming over 
subpolar Eurasia. In the mid-troposphere, the ridge over the Ural 
Mountains was also observed in JRA-55 as in December but with 
smaller amplitude and a slight southward shift (Fig. 5a). A neg-
ative height anomaly over Eurasia was also observed, but with a 
displacement to northeastern Eurasia. Those height anomalies may 
have forced the subpolar surface cooling (Fig. 2c). The AGCM 
height response to the observed SIA does not correspond to the 
observed anomalies (Fig. 5b). The responses to the tropical and 
extratropical SSTAs resemble those in December, but with larger 
amplitude (Figs. 5c and 5d). As the response to the extratropical 
SSTAs (Fig. 5d), a wave train, which consists of positive height 
responses over the North Atlantic and the Ural Mountains and a 
negative response over Europe, is more pronounced with the east-
ward wave-activity flux. The wave train over western Eurasia is 
like its observational counterpart, although the positive response 
over the North Atlantic does not correspond to the observed 
anomaly. 

3.2 Leading modes of atmospheric variability
a. December 2020

Here, we discuss the relationship between the observed SATAs 
and the leading atmospheric modes. We applied an Empirical 
Orthogonal Function (EOF) analysis to interannual variability of 

(a) (b)

(c) (d)

Fig. 3. (a) 500-hPa geopotential height anomaly in December 2020 based on JRA-55. The unit is m. Green arrows signify the wave-activity flux (m2 s−2). (b) 
As in (a), but for AGCM-simulated 500-hPa geopotential height response to observed SIAs in December 2020. Dots represent anomalies significant at the 
5% level with Student’s t-test. (c) As in (b), but for the AGCM response to observed tropical SSTAs. (d) As in (b), but for the AGCM response to observed 
extratropical SSTAs.

(a) (b)

Fig. 4. As in Fig. 3a and b, but for November 2020. 
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monthly-mean SAT fields of JRA-55. The analysis was conducted 
separately for December (1979−2020) and January (1980−2021).  
The EOF domain is set to Eurasia (20°N−90°N, 0°E−180°), fol-
lowing the definition of the WACE pattern by Mori et al. (2014). 
The second EOF of SAT fields in December, which explains 
18.5% of the total variance, highlights the Arctic-midlatitude 
dipole structure (Fig. 6a) and can thus be regarded as the WACE 
pattern. Hereafter, the associated principal component (PC) time 
series is used as the observed WACE index. Similarity of the 
observed SATA pattern in December 2020 (Fig. 2a) to this WACE 
pattern is notable. In fact, the normalized WACE index in De-
cember 2020 is +1.5, which is the 5th highest during the analysis 
period. The 500-hPa height anomalies associated with the WACE 
pattern are characterized by an anticyclonic anomaly centered 
around the BKS and a weaker cyclonic anomaly to its southeast 
(Fig. 6c). The observed height anomalies in December 2020 (Fig. 
3a) also project well onto this pattern.

The contributions of boundary forcing to the occurrence of 
the WACE pattern are evaluated by following Mori et al. (2014) 
and Nishii et al. (2020). The EOF analysis was applied to the 
combined 500-member ensemble (i.e., 100 ensemble members 
for each of the five experiments) of the SAT fields. The variability 
here includes both unforced atmospheric internal variability and 
variability modulated by lower-boundary forcings. Unlike JRA-
55, it is the first EOF (contribution: 26.6%) whose associated 
SATA resembles the WACE pattern (not shown). We thus use 

the normalized first PC as the model WACE index. The associ-
ated height anomaly pattern also resembles that of JRA-55 (not 
shown). Note that the WACE pattern is essentially an internal 
atmospheric variability, and boundary conditions modulate its 
occurrence probability (Mori et al. 2014; see also Supplement 
2). The response of the WACE index to the SIA in December is 
+1.7, which is statistically significant at the 5% level based on the 
Student’s t-test (Table 1), suggesting that the SIA in December 
2020 likely contributed to the occurrence of the WACE pattern. 
The impact of global SSTA on the WACE pattern is also estimated 
to be +0.4, which is also statistically significant, though smaller 
compared to the SIC influence. The response to the tropical SSTA 
is statistically insignificant, while the response to the extratropical 
SSTA is significant. These results suggest that it is the SSTA in the 
extratropics rather than that in the tropics that can contribute to 
the occurrence of the WACE pattern. In conclusion, both SIA and 
extratropical SSTA are likely to have contributed to the WACE 
pattern observed in December 2020 by modulating its occurrence 
probability.

b. January 2021
In January, the observed WACE index is smaller (+0.4), and 

the observed SATA does not feature the WACE pattern (Fig. 2c). 
We applied an EOF analysis to sea-level pressure (SLP) fields of 
JRA-55 over the extratropical Northern Hemisphere (20°N−90°N,  
0°E−360°), as in Thompson and Wallace (1998). The first EOF 

Fig. 6. (a) SATAs regressed onto the WACE index in December based on JRA-55. The unit is K. Dots represent correlation significant at the 5% level with 
Student’s t-test. (b) As in (a), but for regression onto the sign-reversed AO index in January. (c) As in (a), but for 500-hPa geopotential height anomalies. 
The unit is m. (d) As in (b), but for 500-hPa geopotential height anomalies.

(a) (b)

(c) (d)

(a) (b)

Fig. 5. As in Fig. 3, but for January 2021.
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(contribution: 25.7%) should represent the AO, and the corre-
sponding PC is used as the observed AO index. The AO index is 
−1.6 in January 2021. This is the third lowest during the analysis 
period, which means that the negative AO was dominant in 
January 2021. A cool SATA associated with the negative AO in 
January was located over subpolar Eurasia (Fig. 6b), while the 
500-hPa height anomaly was characterized by a positive anomaly 
over the Arctic, a pressure ridge around 60°E, and cyclonic anom-
alies upstream and downstream of the ridge (Fig. 6d). (Note that 
the signs of anomalies are reversed in Figs. 6b and 6d to illustrate 
the negative AO). These SAT and height anomalies associated 
with the negative AO characterize the observed anomalies in Jan-
uary 2021 (Figs. 2c and 5a).

To evaluate the role of SIA and SSTA in forcing the observed 
negative AO, we applied an EOF analysis to the SLP fields of the 
500 ensemble members of the AGCM experiments for January 
2021. The SAT and 500-hPa height anomalies associated with the 
first EOF of the AGCM (contribution: 20.3%) well capture those 
of JRA-55 (not shown). This suggests that our AGCM reasonably 
simulates the variability associated with the AO. The first PC is 
thus considered as the model AO index.

The response to the SIA is small and insignificant (Table 1), 
which suggests that the SIC forcing is not effective in modulating 
the AO variability. The global SSTA influence on the AO pattern 
is significantly positive, mainly due to the tropical SSTA (Table 1). 
However, the observed phase of the AO is negative. Our analysis 
suggests that neither SIA nor SSTAs can explain the observed 
negative AO and the associated subpolar Eurasian cooling in 
January 2021.

4. Conclusions and discussion

We investigated the factors that potentially contributed to 
cooling observed over midlatitude Eurasia in December 2020 and 
over subpolar Eurasia in January 2021 based on AGCM experi-
ments. The midlatitude cooling in December was associated with 
the WACE pattern, and the AGCM experiments suggest that it was 
likely forced, at least partly, by the SIA. The extratropical SSTA 
may make an additional contribution to the WACE pattern, though 
unlikely to account for the Eurasian cooling. The subpolar cooling 
in January was associated with the negative AO. Significant con-
tribution to it from the SIA and SSTA was, however, not detected.

The cooling response to the SIA in December may be con-
sistent with ZZD22, while inconsistent with previous studies 
who argues that the model response to the SIA is indiscernible  
(e.g., Ogawa et al. 2018; Komatsu et al. 2022). The reason for this 
discrepancy is unclear and will be our future work.

In addition, our results may be inconsistent with ZZD22 in 
that the response to the SIA in our experiments failed to simulate 
the stratospheric pathway (Nakamura et al. 2016) associated 
with warming in the polar stratosphere (not shown), which might 
trigger the negative AO. Thus, our experiment cannot exclude 
the possibility that the observed AO was forced by the SIA. The 
warm response to the extratropical SSTA, which should involve 
the PDO-related anomaly is observed in our results, which may 
also be inconsistent with them. Those inconsistencies are also our 
future work.

The cooling response in our AGCM (−0.4 K) is weaker than 
its observed cooling and small when compared with the standard 
deviation among ensemble members being 1.3 K. This may be 
consistent with the underestimated model response to the SIA in 
many AGCMs (Mori et al. 2019) and with Zhang22. Nevertheless, 
the observed WACE index in December 2020 (+1.5) corresponds 
to the 95th percentile of the WACE index distribution among the 
100 ensemble members of the CLM-IC experiment. This means 
that a chance of the WACE occurrence in December 2020 is low if 
only atmospheric internal variability is considered, suggesting the 
importance of sea ice forcing.

Arctic SIAs in December and January are almost unchanged, 
but the latitudes of negative SAT responses over Eurasia shifted 
meridionally (Figs. 2b and 2d). The reason is, however, unclear 

and will be our future work.
Our AGCM response to the extratropical SSTA accompanies 

a wave train from the North Atlantic with a ridge over the Ural 
Mountains (Figs. 3d and 5d), which resembles the observed height 
anomalies (Figs. 3a and 5a). This wave train and a warm SSTA 
over the North Atlantic (Fig. 1a) may be consistent with Sato 
et al. (2014), who pointed out that a warm SSTA over the North 
Atlantic can force a wave train downstream. They also argue that 
the wave train leads to cooling over Eurasia. However, our AGCM 
experiments are unable to simulate such cooling as a response to 
the extratropical SSTA, but they simulate warming instead (Table 
1). Further analysis is needed to evaluate the relationship between 
SSTAs and the Eurasian cooling.
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