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Abstract
Despite rapid global warming, Eurasia experienced unusual winter cooling from around 1992–2012, whose cause is still 
debated. By analyzing observations and model simulations, we show that the winter cooling from 1992 to 2012, as well as 
the enhanced winter warming from 1971–1991, over Eurasia partly resulted from internally-generated multidecadal varia-
tions related to variations in sea ice cover (SIC) and surface air temperature (Tas) over the Barents-Kara Seas (BKS). The 
BKS SIC and Tas variations concur with a multidecadal trend towards an anticyclonic (cyclonic) anomaly circulation over 
the Ural Mountains during 1992–2012 (1971–1991) that advected cold (warm) air from the Arctic (southwest Eurasia) into 
central Asia, contributing to the cooling (warming) over most Eurasia during 1992–2012 (1971–1991). These multidec-
adal variations in BKS SIC and Tas largely disappear, and the associated anomaly circulation and its influence on central 
Eurasia (CE) weaken when sea ice-air interactions are absent, although reduced multidecadal cooling over CE still exists in 
simulations without Arctic sea ice-air coupling. Because of the 10–20 day lifetime of Ural blocking, daily Arctic sea ice-air 
interactions, which are absent in all simulations with prescribed sea ice, are crucial for models to realistically simulate Ural 
blocking events and their decadal frequency and other changes that connect the BKS and CE Tas anomalies. BKS multi-
decadal warming is insufficient to induce CE cooling when Arctic sea ice-air interactions are turned off in our simulations. 
In contrast to the multidecadal BKS sea-ice decline, global-warming induced long-term sea-ice loss does not cause cooling 
over CE, likely due to other associated changes. As sea ice continues to melt away, its ability to cause such multidecadal 
variations and cooling over Eurasia will diminish.

Keywords  Eurasian winter cooling · Arctic sea-ice loss · Barents-Kara Seas · Ural blocking · Global warming · Sea ice-air 
interactions

1  Introduction

Central Eurasia (CE) has experienced large winter cooling 
from about 1992–2012, in contrast to rapid warming over 
the Arctic and the rest of the world (Overland 2011; Cohen 

et al. 2014, 2020; Wallace et al. 2014; Johnson et al. 2018). 
Such cooling is unusual given that most of the world has 
been warming up rapidly in response to rising greenhouse 
gases (GHG) during the recent decades. Furthermore, the 
Eurasian cooling was linked to damaging extreme cold 
events over Eurasia during recent years (Liu et al. 2012; 
Wallace et al. 2014; Kug et al. 2015; Yao et al. 2017; John-
son et al. 2018). Thus, the cause of this unusual cooling 
has attracted considerable attention, yet it is still intensely 
debated (Kug et al 2015; Semenov and Latif 2015; Over-
land et al 2016; Huang et al 2017). Regression analyses 
linked the Eurasian cooling to warming over the Barents-
Kara Seas (BKS; Outten and Esau 2012; Kug et al. 2015) 
through atmospheric anomaly circulation (Sorokina et al. 
2016; Luo et al. 2016, 2017, 2018, 2019), but such results 
do not necessarily suggest a causal relationship, although 
the BKS is host to the largest and most significant sea-ice 
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loss over the last four decades (Simmonds and Li 2021). 
Atmospheric modeling studies (Honda et al. 2009; Kug 
et al. 2015; Mori et al. 2014, 2019) using prescribed Arctic 
sea-ice cover and global sea surface temperatures (SSTs) 
suggest some weak cooling over CE in response to recent 
Arctic sea ice decline or diverse effects on CE (Zhang and 
Screen 2021); while other modeling studies (McCusker 
et al. 2016; Sun et al. 2016; Ogawa et al. 2018; Blackport 
et al. 2019; Koenigk et al. 2019; Dai and Song 2020) do 
not find such a connection between Arctic sea-ice loss and 
Eurasian cooling; instead, they suggest that the CE cool-
ing likely resulted from internal variability, such as the 
interdecadal Pacific Oscillation (IPO; Deser et al. 2017; 
Matsumura and Kosaka 2019), although these modeling 
studies did not identify the specific source of the internal 
variability.

Furthermore, no future climate projections show any 
winter cooling or reduced warming over Eurasia as Arctic 
sea ice declines under increasing GHGs (Meehl et al. 2007; 
Collins et al. 2013; Lee et al. 2021), and coupled climate 
models do not underestimate the temperature link between 
BKS and CE (Screen and Blackport 2019). Recently, Dai 
and Song (2020) also did not find robust winter cooling over 
Eurasia either due to Arctic sea-ice loss and its associated 
Arctic amplification (AA) under GHG-induced warming 
or due to the GHG-induced background warming without 
AA. On the other hand, data analyses (Kug et al. 2015; Luo 
et al. 2016, 2017, 2018; Yao et al. 2017; Deser et al. 2017) 
suggest that the recent warming over BKS is accompanied 
by anticyclonic anomaly circulation or increased blocking 
over the Ural Mountains, which enhances cold advection 
into CE and causes cold anomalies there. Further, the recent 
BKS warming and sea-ice loss are linked to the Atlantic 
Multidecadal Oscillation (AMO) (Levitus et al. 2009; Day 
et al. 2012; Miles et al. 2014; Luo et al. 2017), although the 
recent AMO cycles may be partly forced by decadal changes 
in volcanic and anthropogenic aerosols (Qin et al. 2020a, b).

These findings contradict the claim (Mori et al. 2019) 
that GHG-induced sea-ice loss over BKS would lead to cold 
and more extreme winters over Eurasia, and they suggest 
that monotonic increases of GHGs cannot produce cooling 
over Eurasia even though it causes long-term Arctic sea-
ice loss and enhanced Arctic warming. Instead, the recent 
Eurasian cooling may have resulted from (mainly internally-
generated) multidecadal variations that are characterized by 
enhanced sea-ice loss, atmospheric warming and high pres-
sure over BKS and increased cold advection into CE, lead-
ing to temporal multidecadal cooling over Eurasia. Here, 
we analyze observational and reanalysis data and novel 
model simulations to provide further evidence to support 
this hypothesis, examine the role of Arctic sea ice-air inter-
actions, and discuss why previous modeling studies would 
produce contrasting results.

2 � Data and model simulations

2.1 � Observational and CMIP6 data

We used daily and monthly data for boreal winter (December-
January–February or DJF) from 1950–2020 for sea surface tem-
perature (SST), sea-ice concentration, surface air temperature 
(Tas), horizontal winds, and geopotential height fields from the 
newly released European Centre for Medium-Range Weather 
Forecasts (ECMWF) Reanalysis version 5 (ERA5) (Hersbach 
et al. 2020) on a 1° grid. We also analyzed the same data from 
1950–2020 from the National Centers for Environmental Pre-
diction (NCEP)/National Center for Atmospheric Research 
(NCAR) Reanalysis (NCEP/NCAR) (Kalnay et al. 1996) on a 
2.5° grid. We used the Hadley Centre Global Sea Ice and Sea 
Surface Temperature dataset (HadISST) version 1.0 (Rayner 
et al. 2003) for SST and version 2.2 (Titchner and Rayner 
2014) for sea-ice concentrations, and surface temperature data 
from the Hadley Centre/Climatic Research Unit Temperature 
dataset version 4 (HadCRUT4, Morice et al. 2012) and God-
dard Institute for Space Studies (GISS) Surface Temperature 
(GISTEMP) Analysis version 4 (Lenssen et al. 2019) from 
National Aeronautics and Space Administration (NASA) for 
1950–2020. These observational and reanalysis data are used in 
Figs. 1, 2 and Figs. S1–S6, which show similar results regarding 
BKS (40°–80°E, 70°–85°N) and CE (50°–120°E, 40°–60°N) 
Tas changes and the associated anomaly circulation patterns, 
although subtle differences exist among the different datasets. 
The BKS and CE regions were selected based on the Tas cor-
relation patterns shown in Fig. S1.

We also used monthly data from four all-forcing historical 
(HIST) and future simulations from four CMIP6 (Eyring et al. 
2016) models, namely, the CanESM5, CESM2-WACCM, IPSL-
CM6A-LR, and MRI-ESM2-0 (other models did not have data 
up to year 2300 when we downloaded the data in 2020). The 
Shared Socioeconomic Pathways (SSP) 5–8.5 (SSP5-8.5) sce-
nario was used, which corresponds to RCP8.5 of CMIP5 and 
represents a high emissions scenario. We analyzed the extended 
SSP5-8.5 simulations that ended in year 2300, when BKS win-
ter sea ice melts away. Thus, these extended simulations allow 
us to investigate future Eurasian Tas variability when BKS has 
melted away. For the historical climate (1920–2019), all-forcing 
historical simulations (which ended in year 2014) were used for 
1920–2014 and SSP5-8.5 simulations were used for 2015–2019; 
while SSP5-8.5 during 2200–2299 was used for the future cli-
mate. All the model outputs were remapped onto a 2.5° grid 
before analysis.

2.2 � CESM1 simulations

The CESM1 model simulations used here are described in 
detail in Dai et al. (2019), Dai and Song (2020) and Deng 
and Dai (2021). The CESM1 (Hurrell et al. 2013) is a widely 
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used comprehensive earth system model that simulates the 
global, Arctic and midlatitude mean climate realistically. We 
ran the CESM1 with grid spacing of 2.5° longitude ×  ~ 2.0° 
latitude for the atmospheric model (using CAM4), and ~ 1.0° 
longitude ×  ~ 0.5° latitude for the sea-ice and ocean models.

In this study, we used the standard 500-year pre-industrial 
control run (CTL) with atmospheric CO2 fixed at 284.7ppmv 
that has fully-coupled sea ice (i.e., with two-way sea ice-air 
interactions), and a second 500-year pre-industrial run (CTL_
FixedIce) in which fixed daily sea ice cover (SIC) derived from 
the monthly climatology of the CTL run was used only in the 
coupler of the model north of 30oN for determining the frac-
tional weights of the ice and water surfaces used to calculate the 
grid-box mean values of all surface exchange fluxes of energy, 
mass and momentum. We emphasize that in CTL_FixedIce sea 
ice was not fixed but allowed to evolve dynamically as in the 
standard CESM1, as the prescribed SIC was used only in the 
coupler and only for computing the ice and water surface frac-
tions, but not inside the ice model. Thus, variations in internally-
simulated SIC were not allowed to influence surface fluxes in 
CTL_FixedIce, but atmospheric and oceanic variations were 
allowed to affect surface fluxes and these flux variations were 
felt by sea ice. This effectively cut off the two-way sea ice-air 
interactions in CTL_FixedIce. The internal SIC variations in 
CTL_FixedIce were greatly reduced due to the dampened varia-
tions in surface fluxes as a result of the prescribed SIC in the flux 
calculations. Since we did not alter the flux calculations over ice 
and water surfaces, our use of the fixed SIC for calculating the 
ice and water fractional weights does not violate any physical 
laws, such as the conservation of energy and water. More infor-
mation regarding this FixedIce setup is provided in Dai et al. 
(2019), Dai and Song (2020) and Deng and Dai (2021).

In addition, we also used a standard, fully coupled CESM1 
235-year simulation with 1% per year increases in atmospheric 
CO2 (1%CO2) and another 235-year 1%CO2 run with Arctic 
sea ice treated as in CTL_FixedIce (1%CO2_FixedIce), in which 
internal sea ice variations and melting were greatly reduced and 
not felt by the atmosphere and ocean. We emphasize that the 
different responses to the CO2 forcing (mainly in the Arctic) in 
the two 1%CO2 simulations result from the lack of the sea ice-
air coupling in 1%CO2_FixedIce, and we removed the forced 
changes (including those in the Arctic) from our analyses. Thus, 
like the two CTL runs, the differences between the two 1%CO2 
simulations can be largely attributed to the impact of the sea ice-
air interactions. The two 1%CO2 runs are described and used in 
Dai et al. (2019) and Dai and Song (2020).

2.3 � Analysis methods

2.3.1 � Decadal‑multidecadal variability

To quantify the internally-generated decadal-multidecadal 
variations, the externally-forced signal in all analyzed fields 

was first removed from both observations, reanalysis and 
model simulations following the method used previously 
(Dai et al. 2015; Qin et al. 2020a, b). Here we defined the 
forced signal as the time series of the area-mean surface air 
temperature (GMT) averaged over 60°S–75°N from the multi-
model ensemble mean (MMM) of the 25 all-forcing historical 
runs from 25 CMIP6 models. For observations and reanalysis 
over 1950–2020 and historical simulations over 1920–2020, 
we used linear regression between the CMIP6 MMM GMT 
(as the x variable) and the given variable (e.g., Tas or sea-ice 
concentrations as the y variable) at each grid box to obtain 
the forced component in variable y. We then removed this 
forced component from variable y’s original time series, so 
that the residual fields (referred to as the detrended fields) 
contain primarily unforced internal variability. This detrend-
ing procedure is a more effective way to remove most of the 
forced signal than the linear detrending method (Dai et al. 
2015; Qin et al. 2020b). Similar procedure was applied to 
the CESM1 1%CO2 and 1%CO2_FixedIce runs, except that 
their own GMT time series was used as the x variable in the 
linear regression; but for anomaly time series of BKS Tas 
and SIC, we used a 3rd-order polynomial fit in the detrending 
procedure (instead of the linear fit) to eliminate any nonlin-
ear long-term trend, as BKS sea-ice concentrations decrease 
nonlinearly with increasing CO2. For CMIP6 simulations 
under the SSP5-8.5 scenario during 2200–2299, the forced 
signal was simply removed using linear detrending, as BKS 
Tas and sea-ice concentrations become close to constant over 
this period. Please note that the detrending removes only the 
long-term trend, so that we can focus on multidecadal varia-
tions, which are irregular and noncyclic oscillations.

After removing the forced components, the internally-gen-
erated decadal-multidecadal variations were then obtained by 
applying a 9-year Lanczos low-pass filter with a 13-year half-
response period. The linear trend of a given variable over a tar-
get segment (e.g., over a 21-year period as for 1992–2012) was 
calculated using the above filtered and detrended time series. 
For the model simulations, the linear trends over all 21-year 
moving segments were calculated for plotting their PDFs and 
for selecting the CE (or BKS) cooling and warming periods 
used to make the composite maps of the anomaly circulation. 
We required the trend to exceed the ± 1 standard deviation 
(SD) threshold, first selected the periods with the local strong-
est trend, and then selected those with the trends still outside 
the ± 1SD range but five years apart (this reduces the overlap-
ping among the selected periods and allows more samples) 
from the nearest selected periods (see Fig. 4, S9-S10).

2.3.2 � Statistical significance test

F-tests were used to test the significance of a change in the 
standard deviation of a given variable (data length = N) using the 
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effective degree of freedom defined as N/τ (where τ is the e-fold-
ing time scale over which the autocorrelation decays to 1/e). 
Student’s t-tests were applied to test whether multidecadal linear 
trends or correlations are statistically significant based on a 5% 
significance level. For a correlation between two strongly auto-
correlated time series (X and Y of length N), the effective degree 
of freedom (Ne) was defined as: N

e
= N

�

1 + 2
∑10

i=1
X
i
Y
i

�−1

 , 
where Xi and Yi indicate autocorrelations at i lags of the two 
series, respectively (Quenouille 1952).

2.3.3 � AMO and atmospheric blocking

The AMO index was defined as the detrended DJF-mean 
SST anomalies (i.e., after removing externally-forced 
changes based on CMIP6 MMM following Qin et al. 2020b) 
averaged over the North Atlantic (0°–80°W, 0°–60°N). A 
bidimensional blocking index (Luo et al. 2015) was used to 
detect instantaneous atmospheric blocking over relatively 
high-latitudes based on the meridional gradients of daily 
500-hPa geopotential height at each longitude:

where � ( � ) is the longitude (latitude) ranging from 
0°–360° (30°–75°N) and �

S
=�-15°, �

N
=�+15°; and 

Z(�,�) is the daily 500-hPa geopotential height at a given 
grid point (�,�) . GHGS1 (GHGN) denotes the meridi-
onal gradients of geopotential height south (north) of the 
given grid point (�,�) , and GHGS2 is used to exclude low-
latitude blocking and subtropical ridges over the Euro-
Atlantic sector (Luo et al. 2015). Thus, an instantaneous 
blocking day was identified if a winter day satisfies the 
following criterion (Luo et al. 2015):

Accordingly, the atmospheric blocking frequency for 
each winter was defined as instantaneous blocking days 
expressed as a percentage of the winter days.

Because the temperature anomalies associated with 
blocking often extend from the surface to mid-troposphere 
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GHGS1(𝜆,𝜙) > 0

GHGS2(𝜆,𝜙) < −5mper 1◦ latitude

GHGN(𝜆,𝜙) < −10mper 1◦ latitude

(i.e., close to barotropic), it is common to use Z500 
(instead of sea-level pressure) in the analysis of atmos-
pheric blocking and pressure fields (e.g., Luo et al. 2016, 
2018; Yao et al. 2017). Here, we follow this convention 
and use Z500 fields, plus low-level (i.e., 850 hPa) winds, 
to depict large-scale changes in atmospheric circulation.

Although our focus is on boreal winter, as the CE cool-
ing is seen mostly in DJF, some atmospheric processes, 
such as those associated with the stratospheric polar vortex 
(Kim et al. 2014), may produce delayed effects on DJF Tas 
from autumn sea-ice variations. To the extent the ERA5, 
CESM1 and CMIP6 models are able to simulate these 
processes, such delayed effects should have already been 
included in the DJF variations examined here.

Fig. 1   Time series of surface air temperature and sea-ice concen-
trations from ERA5. (a) Anomaly time series of DJF-mean surface 
air temperature (Tas, left y axis) averaged over central Eurasia (CE, 
blue) and BKS (red) outlined in Fig. 2b, and BKS sea-ice concentra-
tion (SIC, black; right y axis) based on ERA5 reanalysis for 1950–
2020. Light thin curves are for unsmoothed time series and thick 
curves are smoothed series using a 9-year Lanczos low-pass filtered 
with a 13-yr half-response period. (b) Same as (a) but with the forced 
signal removed and without the thin lines plus the similarly-filtered 
AMO index (green curve, multiplied by a factor of ten to use the left 
y axis) from ERA5. The forced signal at each grid box was removed 
before area-weighted averaging using a linear regression over 1950–
2020 between the global (60°S–75°N) mean Tas (GMT) from CMIP6 
multi-model ensemble mean (MMM) (as the x variable) and the local 
Tas or SIC from the reanalysis (as the y variable) (see Sect.  2.3). 
The correlation coefficients (r) and their p-values in a, b are, from 
left to right, between the smoothed BKS SIC and BKS Tas, and BKS 
Tas and CE Tas; and the respective correlations for detrended but 
unsmoothed time series are − 0.78 (p < 0.01) and − 0.14 (p > 0.1). 
The AMO and BKS SIC has a peak correlation of -0.31 (p > 0.1) 
when AMO leads by ~13 years. The standard deviations (SD) of the 
smoothed and detrended time series in b are also given in parentheses 
with the same colors
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3 � Results

3.1 � Observational evidence of internally‑generated 
Eurasian winter cooling

Observations and reanalysis data (Fig.  1 and Figs. 
S2-S4) show a rapid winter warming trend together with 

accelerated sea ice loss from around 1995–2016 over BKS, 
while winter Tas exhibits cooling over most Eurasia from 
about 1992–2012. The CE Tas started to increase again 
since ~ 2013 while BKS SIC continues to decrease or stays 
at a low level (Fig. 1a). These recent changes do not sup-
port the notion that BKS SIC loss causes CE cooling (Mori 
et al. 2014, 2019). After removing the externally-forced 

Fig. 2   Decadal trend maps of surface air temperature and atmos-
pheric circulation fields from ERA5. (a, b) Linear trend maps over 
20°–90°N of smoothed DJF-mean anomalies (after removing the 
forced signal, see Sect. 2.3) of Tas (color shading, in ℃ per decade), 
850-hPa winds (vectors, in m s−1 per decade), and 500-hPa geo-
potential height (contours with an interval of 8, in gpm per decade; 
dashed contours are for negative values and the zero contour is omit-
ted) from ERA5 for (a) the cooling period from 1992–2012 and (b) 
the warming period from 1971–1991. Only vectors with significant 
u or v component and larger than 0.8 m  s−1 per decade are plotted. 
The outlined areas in b define the central Eurasian cooling region 

(50°–120°E, 40°–60°N) and the BKS (40°–80°E, 70°–85°N). (c, d) 
Linear trend maps over 30°–75°N of DJF-mean atmospheric blocking 
frequency (color shading, in % of winter days per decade) following 
Luo et  al. (2015) based on ERA5 reanalysis for (c) 1992–2012 and 
(d) 1971–1991. Also shown (contours with an interval of 4%) is the 
1961–1990 mean blocking frequency. The forced signal was removed 
in c and d similarly as in a and b, and a nine-point spatial smooth-
ing was applied. The hatching in all panels indicates the trend of the 
shaded variable is statistically significant at the 5% level on the basis 
of a Student’s t-test. The geopotential height trends (contours in a, b) 
over about 16 or below -16 gpm per decade are statistically significant
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changes associated with historical GHG and other forcing 
changes, the internally-generated decadal-multidecadal 
anomalies and their correlations among the BKS SIC, 
BKS Tas and CE Tas become clearer. The multidecadal 
variations reveal a warming trend from around 1971–1991 
and then a cooling trend from around 1992–2012 in winter 
CE Tas, while it is approximately the opposite for winter 
BKS Tas (Figs. 1b, 2a-b and Figs. S2-S6). Because the 
multidecadal variations before and after the removal of the 
forced component are comparable, especially for CE Tas 
(Fig. 1a-b), we can conclude that the recent winter cooling 
trend over Eurasia from 1992–2012 likely resulted from 
internally-generated multidecadal variations, rather than 
a response to recent climate forcing or the GHG-induced 
sea-ice loss.

Associated with the recent warming over BKS, there 
exists a trend towards anticyclonic anomaly circulation 
from central Asia to Europe during 1992–2012, whose 
northeasterly winds advect cold and dry air from the 
Arctic into Eurasia, causing cooling over central Eurasia 
(Fig. 2a). The prevailing westerly winds over the region 
should advect this cooling eastward to cover most East 
Asia (Fig. 2a). In contrast, from 1971–1991 approximately 
the opposite anomaly circulation occurred from central 
Asia to Europe that advected warm and moist air from 
the southwest into central Eurasia, causing warming over 
most of midlatitude Asia (Fig. 2b). The cooling impact 
over Eurasia by an anticyclonic anomaly circulation has 
been reported previously (Kug et  al. 2015; Luo et  al. 
2016, 2017, 2018, 2019; Yao et al. 2017). The circulation 
anomalies also appear to be responsible for the previously 
noticed Cold North America-Warm Arctic pattern during 
1992–2012 (Overland et al. 2011; Cohen et al. 2014) and 
the opposite pattern during 1971–1991 (Fig. 2a–b and 
Fig. S6). The DJF-mean changes in temperature and pres-
sure are associated with changes in sub-seasonal atmos-
pheric blocking over the Ural Mountains region around 
60oE, such as increased Ural blocking frequency during 
1992–2012 (Fig. 2c and Fig. S6c) and changes in other 
aspects of the blocking (Luo et  al. 2016, 2017, 2018; 
Yao et al. 2017). In contrast, the Ural blocking frequency 
decreased from 1971 to 1991 (Fig.  2d and Fig. S6d). 
Because the Ural blocking has a lifetime of 10–20 days 
(Luo et al. 2016, 2017), daily variations in BKS SIC and 
SST, which were missing in all previous atmospheric 
model simulations with specified SIC and SST, can be 
important for models to simulate atmospheric response 
(including Ural blocking) to Arctic changes. Missing the 
daily SIC variations, which is partially the case in our 
CTL_FixedIce run, would lead to reduced SIC and Tas 
variations over the BKS (Fig. 3) and weakened UB-like 
anomaly circulation that links CE Tas to BKS changes 
(Fig. 5), as shown below.

Thus, atmospheric circulation changes near the Ural 
Mountains associated with the BKS temperature anoma-
lies lead to an anti-correlation of − 0.55 (p < 0.1) between 
BKS Tas and CE Tas on decadal-multidecadal time scales 
(Fig. 1b). Furthermore, the BKS SIC and Tas are nega-
tively correlated (r =  − 0.80, p < 0.01) on these time scales 
(Fig. 1b). These multidecadal variations are correlated with 
the AMO cycles with a time lag (e.g., r =  − 0.31 with p > 0.1 
between BKS SIC and AMO when AMO leads by ~ 13 years, 
Fig. 1b), as noticed previously (Levitus et al. 2009; Day et al. 
2012; Miles et al. 2014; Luo et al. 2017). However, there 
also exist large anti-correlated decadal variations between 
BKS SIC and Tas (e.g., during the 1980s and 1990s) that 
are muted in the AMO index (Fig. 1b). This suggests that 
there may be additional processes besides the influence from 
North Atlantic SSTs (NASST) through incursion of warm 
Atlantic water during the recent AMO warm phase (Levitus 
et al. 2009; Day et al. 2012; Miles et al. 2014).

Fig. 3   Anomaly time series of surface air temperature and sea-
ice concentrations from CESM1 control simulations. Time series 
of the smoothed anomalies of DJF-mean Tas (left y axis) averaged 
over central Eurasia (blue) and BKS (red), and BKS SIC (black; 
right y axis) from the CESM1 (a) CTL run and (b) CTL_FixedIce 
run during years 1–500. A 9-year Lanczos low-pass filter with a 
13-year half-response period was applied to smooth the time series. 
The correlation coefficients (r) and their p-values in a, b are, from 
left to right, between BKS SIC and BKS Tas, and BKS Tas and CE 
Tas. The standard deviation (SD) of the time series is also given in 
parentheses with the same color, and the “*” (“#”) indicates the SD 
difference between the CTL and CTL_FixedIce runs is statistically 
significant at the 5% (10%) level on the basis of a F-test. The BKS 
SIC in CTL_FixedIce unexpectedly dropped drastically during years 
241–260 likely unrelated to the sea ice-air coupling, thus we excluded 
these years in SIC’s SD calculation in panel b (including these years 
would increase the SD to 1.74)
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3.2 � Modeling evidence of the source 
of the multidecadal variability

Our model simulations show that the two-way sea ice-air 
interactions in the CTL run greatly increase the decadal-
multidecadal variability in Tas (by 118% as measured by its 
standard deviation change) and SIC (by 66%) over the BKS 
compared with that in the CTL_FixedIce run (Fig. 3a-b), and 
over other sea-ice margin zones (Deng and Dai 2021). CE 
stands out as the only middle-latitude land area whose dec-
adal-multidecadal variability is amplified significantly by the 
sea ice-air interactions (see Fig. 2 of Deng and Dai 2021). 
When we average the Tas and height trends over the 21-year 
periods selected based on the CE cooling or warming trends 
(Fig. 4), the composite anomaly circulation associated with 
CE cooling shows a high (low) pressure over BKS (CE) (Fig. 
Figure 5a), and the opposite circulation during CE warm-
ing periods (Fig. 5b). Such atmospheric anomaly circulation 
would lead to multidecadal cooling (Fig. 5a) or warming 
(Fig. 5b) over Eurasia through thermal advection, similar to 
recent observations (Fig. 2a–b) in spatial patterns but with 
smaller magnitudes. In fact, we found (Deng and Dai 2021) 
that multidecadal variability is greatly reduced not only in 
the Arctic (mainly over the BKS and other ice margin zones) 
but also in the North Atlantic (including the AMO) and CE 
when the sea ice-air interactions are cut off. We showed 
(Deng and Dai 2021) that sea ice-air interactions amplify 
SIC and Tas variations over the BKS and other ice margin 
zones mainly through local heat fluxes, and the multidecadal 
variations in NASSTs (i.e., AMO) and Atlantic Meridional 
Overturning Circulation (AMOC) mainly through changes 
in surface fluxes and ocean density in the subpolar North 
Atlantic, where North Atlantic deep water formation occurs. 
In other words, to a large degree, not only the multidec-
adal variability in BSK SIC and Tas, but also the AMO that 
was considered to be a major source of Arctic multidecadal 
variability (Levitus et al. 2009; Day et al. 2012; Miles et al. 
2014; Luo et al. 2017) may have resulted, to a large extent, 
from sea ice-air interactions in the Arctic and subpolar North 
Atlantic.

The decadal-multidecadal variability in CE Tas increases 
by ~ 21% (p = 0.09) when the two-way sea ice-air interactions 
are turned on (Fig. 3), and the composite CE Tas cooling 
and warming trends are also enhanced significantly by ~ 31% 
(p < 0.01) and 22% (p < 0.05), respectively, along with large 
Tas and height differences over BKS between the two cases 
(Fig. 5). We notice that CE (and BKS) Tas decadal trends 
in CTL_FixedIce are noticeably reduced compared with 
CTL over certain periods (e.g., years 1–90, 130–170, and 
340–500) but are comparable to CTL in other periods (e.g., 
years 90–130, 170–220, and 220–340) (Fig. 4). Multidecadal 
cooling and warming over CE still exist in the CTL_FixedIce 
run without Arctic two-way sea ice-air interactions, but they 

tend to occur with reduced intensity (Fig. 4) and northward-
shifted and reduced area extent (Fig. 5a,c), as the associated 
BKS Tas and height trends weaken considerably (Fig. 5c-d). 
This suggests that there are other sources of variability (e.g., 
from the tropical Pacific and North Atlantic, Dai et al. 2015; 
Luo et al. 2021), besides the variability generated over the 
BKS, that can influence CE Tas decadal variations.

When we average the Tas and Z500 trends over the 
21-year periods selected based on BKS warming or cooling 
trends (Fig. 4), the composite anomaly maps (Fig. 6) suggest 
the impacts from BKS on CE through the anomalous ther-
mal advection. This differs from Fig. 5, which was derived 
by averaging over the selected CE cooling or warming peri-
ods that may not necessarily concur with BKS warming or 
cooling. Figure 6 shows that without the sea ice-air interac-
tions, there is little decadal cooling over CE when decadal 
warming occurs over BKS (Fig. 6c). Noticeable cooling over 
CE would occur during BKS warming periods only when 
the sea ice-air coupling is turned on (Fig. 6a). To a less 
degree, this also applies to the BKS cooling case (Fig. 6b, d). 
Thus, Arctic sea ice-air interactions are necessary in order 
for BKS’s decadal warming to induce significant decadal 
cooling over CE through thermal advection. This differs 
from Fig. 5, which suggests that Arctic sea ice-air coupling 
can enhance decadal trends over CE but such trends, albeit 
weakened, can still exist without the coupling.

Fig. 4   Time series of 21-year running trends of the smoothed DJF-
mean Tas anomalies averaged over CE (blue curve) and BKS (red 
curve) from the CESM1 (a) CTL run and (b) CTL_FixedIce run dur-
ing years 1–500. The correlation coefficients (r) and their p-values 
between the blue and red curves are given on the panel. The gray 
shading denotes the ± 1 standard deviation (SD) range of the  blue 
curve, and the blue open circles indicate the CE Tas trends outside 
this range. The blue and red dots (crosses) are the central years of 
the selected 21-year CE (BKS) cooling and warming periods (see 
Sect.  2.3), respectively, used to generate the composite trend maps 
shown in Figs. 5, 6
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The above results suggest that two-way sea ice-air inter-
actions in BKS and other Arctic regions can not only greatly 
amplify the multidecadal variations in winter BKS Tas and 
SIC, but also noticeably enlarge the multidecadal variations 
in winter CE Tas. We also notice that the recent warming 
trend over CE from1971-1991 in ERA5 is within the 95th 
percentile of the trends over periods of similar length in the 
CESM1 CTL experiment (Fig. S7). While the CE cooling 
trend from 1992–2012 in ERA5 is outside the 5th percen-
tile, it is still within the lower limit of the CTL distribution 

but outside the limit of CTL_FixedIce (Fig. S7). The stand-
ard deviation (SD) of the smoothed CE Tas anomalies in 
the CESM1 CTL run is 0.85 °C (Fig. 3a), which is about 
8% smaller than that in ERA5 data (0.92 °C, Fig. 1b). The 
SD patterns of the smoothed Tas in the CESM1 CTL run 
are broadly comparable to those in ERA5, including an 
enhanced SD over CE (Deng and Dai 2021). Further, the 
correlation of the detrended and smoothed Tas between the 
BKS and CE during 1956–2013 in ERA5 (Fig. 1b) is not 
inconsistent with the distributions of the correlations over a 

Fig. 5   Decadal trend maps of surface air temperature and atmos-
pheric circulation fields from the CESM1 control simulations. 
(a, b) Linear trend maps over 20°–90°N of the smoothed DJF-mean 
anomalies of Tas (color shading, in ℃ per decade), 850-hPa winds 
(vectors, in m s−1 per decade), and 500-hPa geopotential height (con-
tours with an interval of 4, in gpm per decade; dashed contours are 
for negative values and the zero contour is omitted) averaged over the 
selected Eurasian (a) cooling and (b) warming periods of 21  years 
from the CESM1 CTL run (see Sect. 2.3 and Fig. 4). (c, d) Same as 
(a, b), but from the CESM1 CTL_FixedIce run. The hatching and 

vectors (u or v component) indicate 70% of the selected periods show 
the same sign. Only vectors larger than 0.4 m s−1 per decade are plot-
ted. All anomalies are relative to the mean of years 1–80. Note the 
smaller color and vector scales than in Fig. 2. The outlined areas in 
a and c are the BKS and CE regions as in Fig. 2b. The area-averaged 
CE Tas trend is also given in the parentheses on top of each panel, 
and the asterisk indicates the trend difference between the two cases 
is statistically significant at the 5% level on the basis of the Student’s 
t test
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similar length of time periods in the fully-coupled CTL or 
1%CO2 runs (Fig. S8). The lack of the sea ice-interactions 
in these experiments reduces this consistency. These results 
suggest that the recent winter multidecadal warming from 
1971–1991 and cooling from 1992–2012 over Eurasia may 
have partly resulted from the multidecadal variability over 
BKS generated or amplified by sea ice-air interactions. 
Without this sea ice-induced amplification, the influence 
from the AMO (Levitus et al. 2009; Day et al. 2012; Miles 
et al. 2014; Luo et al. 2017) and IPO (Deser et al. 2017; 
Matsumura and Kosaka 2019) on CE Tas would be reduced 
noticeably.

Winter sea ice over BKS will continue to exist and fluctu-
ate under increasing CO2 for the foreseeable future (Figs. 7, 
8a-d), but eventually it would melt away if atmospheric CO2 
were to exceed six times the pre-industrial level (Figs. 7a, 
11a) or in the twenty-third century under a high-emissions 
scenario (Fig. 8e–h). If that were to occur, decadal-multidec-
adal variations in BKS Tas would largely disappear, while 

the variations in CE Tas would also weaken in the CESM1 
and three of the four CMIP6 models (Fig. 7a, 8e–h). Under 
FixedIce with the same 1%/year CO2 increase, the inter-
nal decadal-multidecadal variability in BKS Tas and SIC 
is substantially reduced compared with the fully-coupled 
run, while the reduction in CE Tas’s variability is relatively 
small (Fig. 7). Further, unlike the 1%CO2 run, the variability 
for BKS Tas and SIC and CE Tas does not drop suddenly 
after about year 190 in the FixedIce run; in fact, it increases 
slightly as winter BKS SIC partially melts and becomes 
more variable over time (Figs. 7b,11b). These results fur-
ther suggest a key role of the sea ice-air interactions for the 
variability over the BKS.

The internally-generated decadal-multidecadal vari-
ations superimposed on top of the CO2-forced warming 
trend exhibit multidecadal cooling (Fig. 9a, c) or warm-
ing (Fig. 9b, d) and associated anomaly circulation over 
Eurasia that are unrelated to the monotonic CO2 forcing 
and roughly resemble those in the pre-industrial control 

Fig. 6   Same as Fig. 5, but aver-
aged over the selected BKS (a, 
c) warming and (b, d) cooling 
periods of 21 years from the 
CESM1 (a, b) CTL and (c, 
d) CTL_FixedIce runs during 
years 1–500. The “#” indicates 
the CE Tas trend difference 
between the two cases is statisti-
cally significant at the 10% level 
on the basis of the Student’s t 
test
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simulations (Fig. 5). The lack of the sea ice-air interac-
tions in the 1%CO2_FixedIce run not only eliminates the 
multidecadal Tas trends over BKS, but also reduces the CE 
cooling and warming trends by ~ 19% (p = 0.14) and 31% 
(p = 0.04), respectively, compared with the standard 1%CO2 
run, together with weakened anomaly circulation, a reduced 
cooling area and a northward-shifted cooling center (Fig. 9). 
The area and location changes of the Eurasian cooling may 
be related to the influences from the Pacific and North Atlan-
tic, which also influence Eurasian Tas via changes in Ural 
blocking (Luo et al. 2021). These results under the 1%/year 
CO2 increase are qualitatively consistent with the important 
role of the sea ice-air interactions in regulating the decadal-
multidecadal variability over BKS and, to a lesser degree, 
over CE as revealed by the CTL experiments. Note that the 
mean climate is changing similarly under the same 1%/year 
CO2 increase in these simulations, and the only difference 
is with or without the sea ice-air interactions and the associ-
ated Arctic change; thus, the differences between these two 
simulations can still be largely attributed to the effect of the 

sea ice-air interactions despite the changing mean climate, 
which was excluded in our analysis through detrending.

The multidecadal cooling and warming patterns and the 
associated anomaly circulation over Eurasia are also seen 
in the historical all-forcing simulations by other climate 
models (Fig. 10a-b). After sea ice in BKS and other Arctic 
regions melts away completely (Fig. 8e-h) and the sea ice-air 
interactions disappear in the twenty-third century, the multi-
decadal cooling and warming trends over CE and the associ-
ated anomaly circulation are reduced substantially (Fig. 10). 
Although in this case we cannot definitely attribute these 
differences to the lack of sea ice-air interactions because of 
the very different mean climates between those two periods, 
these results are at least consistent with our findings based 
on the CESM1 simulations.

3.3 � Different effects of short‑term and long‑term 
sea‑ice loss on CE Tas

Our analyses of the CESM1 standard and FixedIce 1%CO2 
experiments show (Fig. 11a-b) that warming (relative to 
CTL climatology) occurs over Eurasia in both experiments 
during all periods after year ~ 75, but weak cooling is seen 
during certain decades in the 1%CO2-minus-FixedIce tem-
perature difference for CE (Fig. 11c), which includes any 
effects from the large long-term sea-ice loss that existed in 
the 1%CO2 run but was largely missing (before year ~ 130) 
in the FixedIce run. First, we do not see a long-term cooling 
trend in the CE Tas difference series (Fig. 11c), indicat-
ing that the larger sea-ice declining trend in the 1%CO2 run 
does not cause a long-term cooling trend over CE. Second, 
the decadal-multidecadal fluctuations in the warming dif-
ference over CE cannot be explained by the monotonic CO2 
increase or monotonic sea-ice decrease; it must be related 
to the large fluctuations in CE Tas that are correlated with 
BKS Tas and SIC variations and result from internal vari-
ability, especially in the 1%CO2 run (Fig. 7). These results 
suggest that GHG-induced long-term gradual sea-ice loss 
cannot produce persistent cooling over Eurasia, despite that 
internally-generated decadal large sea-ice loss may induce 
weak decadal cooling over Eurasia through enhanced cold 
advection. This finding is consistent with previous coupled 
modeling studies (e.g., Deser et al. 2016; Sun et al. 2018) 
that used the difference between a fully coupled simulation 
with projected future anthropogenic forcing and another 
simulation with the same forcing but with Arctic sea ice 
nudged to a fixed seasonal cycle of either present or future 
sea ice cover to isolate the effect sea ice loss on the climate, 
similar to our 1%CO2-minus-FixedIce difference shown in 
Fig. 11c. These fully coupled simulations also did not show 
significant cooling over CE in response to future Arctic sea-
ice loss, consistent with our Fig. 11c. We emphasize that 
although the two-way sea ice-air interactions are cut off in 

Fig. 7   Anomaly time series of surface air temperature and sea-ice 
concentrations from CESM1 1%CO2 simulations. Time series of 
the smoothed DJF-mean Tas anomalies (left y axis; with the forced 
signal removed) averaged over central Eurasia (blue) and BKS (red), 
plus BKS SIC (black right y axis) from the CESM1 (a) 1%CO2 run 
and (b) 1%CO2_FixedIce run. The forced signal at each grid box was 
removed before area-weighted averaging using the linear regression 
between the global (60°S–75°N) mean Tas (GMT; as the x variable) 
and CE Tas (as the y variable) or using a 3rd-order polynomial fit 
for BKS Tas and SIC (as the y variable) (see Sect. 2.3). The correla-
tion coefficients (r) and their p-values in a, b are, from left to right, 
between BKS SIC and BKS Tas, and BKS Tas and CE Tas during 
years 1–180. The standard deviation (SD) of the time series during 
years 1–180 is also given in parentheses with the same color, and the 
“*” (“#”) indicates the SD difference between the CESM1 1%CO2 
and 1%CO2_FixedIce runs is statistically significant at the 5% (10%) 
level on the basis of a F test
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Fig. 8   Anomaly time series of surface air temperature and sea-ice 
concentrations from CMIP6 models. Time series of the smoothed 
DJF-mean Tas anomalies (left y axis; with the forced signal removed) 
averaged over central Eurasia (CE, blue; multiplied by a factor of 
two) and BKS (red), and BKS SIC (black; right y axis) during (a–d) 
1920–2019 and (e–h) 2200–2299 based on one SSP5-8.5 simulation 
from four CMIP6 models: (a, e) CanESM5, (b, f) CESM2-WACCM, 
(c, g) IPSL-CM6A-LR, and (d, h) MRI-ESM2-0. For 1920–2019, 
the forced signal at each grid box was removed before area-weighted 
averaging using the linear regression over years 1920–2019 between 
the CMIP6 MMM global-mean Tas from 25 models (as the x vari-

able) and the local Tas or SIC (as the y variable) from the given 
model; while for 2200–2299, the forced signal was removed using 
linear detrending of the averaged series over this period as BKS SIC 
and Tas become close to constant during this period. The correla-
tion coefficients (r) and their p-values in the panels are, from left to 
right, between BKS SIC and BKS Tas, and BKS Tas and CE Tas. The 
standard deviation (SD) is also given in parentheses with the same 
color, and the asterisk indicates the SD difference between 1920–
2019 and 2200–2299 is statistically significant at the 5% level on the 
basis of a F test
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our FixedIce run (and also likely in the previous nudged-ice 
runs, Deser et al. 2016; Sun et al. 2018), this should not 
greatly affect our simulated effect from the long-term sea-
ice loss shown in Fig. 11c because this effect mainly comes 
from the fully coupled 1%CO2 run as sea-ice loss in the 
FixedIce run is relatively small (before year ~ 130).

A major difference between the internally-generated dec-
adal sea-ice decline and GHG-forced long-term sea-ice loss 
is that the GHG forcing also causes simultaneous warming, 

atmospheric circulation and other changes (e.g., reduced 
meridional temperature gradients that weaken thermal advec-
tion) over Eurasia that complicate the situation for the latter 
case. The magnitude of the BKS winter sea-ice loss caused by 
internal variability is also considerably larger than the GHG-
induced sea-ice loss over the same length of time periods 
(Fig. 11), which makes the circulation anomaly more intense 
for the internally-generated changes (Figs. 2, 5). Although the 
accumulated winter BKS sea-ice loss over a long period (e.g., 

Fig. 9   Decadal trend maps of surface air temperature and atmos-
pheric circulation anomaly fields from the CESM1 1%CO2 sim-
ulations. (a, b) Linear trend maps over 20°–90°N of the smoothed 
DJF-mean anomalies (after removing the forced signal including 
forced changes in meridional temperature gradients) of Tas (color 
shading, in ℃ per decade), 850-hPa winds (vectors, in m s−1 per dec-
ade), and 500-hPa geopotential height (contours with an interval of 
8, in gpm per decade; dashed contours are for negative values and 
the zero contour is omitted) averaged over the selected Eurasian (a) 
cooling and (b) warming periods of 21 years from years 1–180 of the 
CESM1 1%CO2 run (see Sect.  2.3 and Fig. S9). (c, d) Same as (a, 

b), but from the CESM1 1%CO2_FixedIce run. The hatching and vec-
tors (u or v component) indicate 70% of the selected periods show 
the same sign. Only vectors larger than 0.8 m s−1 per decade are plot-
ted. All anomalies are relative to the mean of years 1–80. Note the 
same color and vector scales as in Fig. 2a, b. The areas outlined by 
red lines in a, c are the BKS and CE regions as in Fig. 2b. The area-
averaged CE Tas trend is also given in the parentheses on top of each 
panel, and the asterisk indicates the trend difference between the two 
cases is statistically significant at the 5% level on the basis of the Stu-
dent’s t test
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by the time of CO2 quadrupling) can be large compared with 
the decadal variations (cf. Figs. 1, 11), by such time atmos-
pheric circulation and other changes over Eurasia are more 
likely to be dominated by changes induced by the background 
global warming rather than BKS local warming and sea loss 
(Dai and Song 2020). These factors may contribute to the dif-
ferent impacts on Eurasian Tas from GHG-induced long-term 
sea-ice loss and internally-generated decadal sea-ice decline, 
but further investigation is needed to reveal the exact reasons 
(e.g., the role of reduced meridional temperature gradients 
and changes in Ural blocking) why the long-term sea ice loss 
would not cause a significant cooling over CE.

4 � Summary and discussion

We have analyzed historical data from observations and 
ERA5 reanalysis from 1950–2020 and coupled model 
simulations using CESM1 and from CMIP6 to examine the 

causes of the recent winter cooling over central Eurasia (CE). 
Results show that, after removing externally-forced changes, 
surface air temperature (Tas) over the Barents-Kara Seas 
(BKS) and CE exhibits anticorrelated decadal-multidecadal 
variations caused by internal variability during 1950–2020. 
From 1992–2012, BKS experienced internally-generated 
multidecadal sea-ice decline and trends towards warming 
and high pressure, which produced anomalous anticyclonic 
circulation over the Ural Mountains (i.e., Ural blocking) 
that advected cold Arctic air into CE, causing cooling there. 
From ~ 1971–1991, roughly the opposite occurred over 
BKS and CE with anomalous cyclonic circulation advect-
ing warm air from southwest Eurasia, causing warming over 
CE. Thus, both the winter cooling from 1992–2012 and the 
enhanced winter warming from 1971–1991 over Eurasia 
partly resulted from internally-generated multidecadal vari-
ations that are coupled to variations in sea ice cover (SIC) 
and Tas over BKS.

Fig. 10   Decadal trend maps of 
surface air temperature and 
atmospheric circulation fields 
from the CMIP6 models. 
(a, b) Linear trend maps over 
20°–90°N of the smoothed DJF-
mean anomalies (after removing 
the forced signal) of Tas (color 
shading, in ℃ per decade), 
850-hPa winds (vectors, in m 
s−1 per decade), and 500-hPa 
geopotential height (contours 
with an interval of 4, in gpm 
per decade; dashed contours 
are for negative values and the 
zero contour is omitted) aver-
aged over the selected Eurasian 
(a) cooling and (b) warming 
periods of 21 years based on 
one SSP5-8.5 simulation from 
each of the four CMIP6 models 
(see Sect. 2.3 and Fig. S10). 
The hatching and vectors (u 
or v component) indicate 70% 
of the selected periods shows 
the same sign. Only vectors 
larger than 0.4 m s−1 per decade 
are plotted. Note the smaller 
color and vector scales than in 
Fig. 2. The areas outlined by red 
lines in a, c are the BKS and 
CE regions as in Fig. 2b. The 
area-averaged CE Tas trend is 
also given in the parentheses on 
top of each panel, and the “*” 
(“#”) indicates the trend differ-
ence between the two cases is 
statistically significant at the 5% 
(10%) level on the basis of the 
Student’s t test
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Our modeling results further show that the multidec-
adal trends in BKS Tas, and CE Tas to a less degree, are 
amplified by the two-way sea ice-air interactions over BKS 
and other Arctic regions, as such trends would weaken sub-
stantially over BKS and noticeably for CE Tas when such 
interactions were cut off or when BKS sea ice melts away 
under GHG-induced warming in our CESM1 and other 
fully-coupled model simulations. Furthermore, Arctic sea 
ice-air interactions are necessary for BKS decadal warming 
to induce decadal cooling over CE through thermal advec-
tion, even though noticeable decadal cooling and warming 
trends over CE can still exist in model simulations without 
Arctic sea ice-air coupling. Because sea ice’s amplification 
of surface warming occurs mainly in the cold season due 
to its large ocean-air temperature gradient (Dai et al. 2019) 
and also because atmospheric meridional temperature gra-
dients and thus the effect of advection are strongest in winter 
(Dai and Deng 2021), the cooling effect over Eurasia from 

the anticyclonic circulation associated with BKS’s warm 
anomalies is seen mainly in winter.

Our results are consistent with many previous studies 
(Kug et al. 2015; Luo et al. 2016, 2017, 2018; Yao et al. 
2017; Deser et al. 2017) that showed a cooling effect over 
central Eurasia from anticyclonic anomaly circulation asso-
ciated with BKS warm anomalies. They are also in agree-
ment with many previous studies (Levitus et al. 2009; Day 
et al. 2012; Miles et al. 2014; Luo et al. 2017) that linked 
BKS sea-ice melting to recent AMO warm phase. However, 
these previous studies did not explicitly separate the exter-
nally-forced changes and internally-generated variations in 
historical data, and they also did not identify the specific 
source of the internal variability that might have contributed 
to the Eurasia cooling. In contrast, we further showed that 
the recent (1992–2012) cooling and previous (1971–1991) 
warming trends over Eurasia resulted from internal multi-
decadal variability that is amplified by two-way sea ice-air 
interactions in the Arctic, rather than due to long-term Arctic 
sea-ice loss caused by GHG-induced warming as suggested 
by some previous studies (e.g., Mori et al. 2019). While 
previous studies (e.g., Sorokina et al. 2016; Peings 2019; 
Blackport and Screen 2019; McGraw and Barnes 2020) 
suggested that the temperature variations over the BKS and 
central Eurasia are connected by atmospheric circulation, 
here we further showed that the blocking-like anomaly cir-
culation connecting the two regions is enhanced by Arctic 
sea ice-air interactions.

In particular, the sea ice-air coupling on synoptic scales 
is important for Ural blocking events that have a lifetime 
of 10–20 days (Luo et al. 2016, 2017) and play a key role 
in connecting the BKS and CE temperature anomalies. 
Recent studies (e.g., Luo et al. 2016, 2017, 2019; Yao et al. 
2017; Rudeva and Simmonds 2021) have emphasized the 
importance of synoptic-scale variability for Arctic-mid-
latidude connections. Because of this, model simulations 
with prescribed or nudged Arctic sea-ice cover without 
or with reduced daily fluctuations (e.g., McCusker et al. 
2016; Sun et al. 2016, 2018; Ogawa et al. 2018; Blackport 
et al. 2019; Koenigk et al. 2019; Ringgaard et al. 2020; 
Zhang and Screen 2021) will not be able to fully simulate 
Arctic sea ice-air coupling and Ural blocking on synoptic 
scales and thus will likely underestimate the connection 
between the BKS and CE, as shown by our CTL_FixedIce 
run. The albedo reduction method (Blackport and Kush-
ner 2016) may allow sea ice-air interactions, but it does 
not work well for winter as the dominant process in Arc-
tic winter is the insulation effect, not the albedo effect, 
of the ice layer. On the other hand, atmospheric model 
ensemble simulations (e.g., Mori et al. 2014, 2019) forced 
with climatological or observed monthly-mean SIC and 
SSTs may capture some of the anomaly circulation related 
to monthly-mean SIC and SST anomalies and thus the 

Fig. 11   Time series of DJF temperature over BKS and Central 
Eurasia and BKS sea-ice cover (SIC). Smoothed time series of 
DJF-mean surface air temperature (Tas) change (with the forced sig-
nal, relative the CTL climatology; left y axis, in oC) averaged over 
Central Eurasia (blue) and BKS (red), together with BKS SIC (black; 
right y axis, increases downward, in % of area) from the CESM1 
(a) 1%CO2 and (b) 1%CO2_FixedIce run, and (c) their difference 
(blue line) in Central Eurasian Tas. A 9-yr low-pass filtering with a 
13-yr half-response period was applied on all the curves (except the 
unsmoothed thin gray line in c) based on the Lanczos filter. The cor-
relation coefficients (r) and their p-values in a-b are, from left to 
right, between BKS SIC and BKS Tas, and BKS Tas and CE Tas
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resultant CE cooling shown in Fig. 5a, but the cooling 
magnitude in such experiments is much weaker than in 
observations (Mori et  al. 2019; Screen and Blackport 
2019). This is expected given the strong dampening effect 
from using fixed climatological SSTs (outside the Arc-
tic) in their sea-ice only simulations (Mori et al. 2019). 
The use of observed monthly-mean SIC and SSTs (Sun 
et al. 2016; Ogawa et al. 2018) will allow the atmospheric 
model to capture some of the anomaly circulation, which 
may lead to a stronger cooling response over CE than in 
coupled simulations with reduced sea ice (Deser et al. 
2016; Sun et al. 2018). In the latter case, SIC synoptic 
variability could be reduced due to nudging Arctic SIC to 
a fixed seasonal cycle (Sun et al. 2018). Thus, the lack of 
the two-way sea ice-air interactions on a daily basis in all 
these simulations (as in our FixedIce runs, because of the 
prescribed or nudged daily SIC interpolated from monthly-
mean data), which are important for Ural blocking, would 
weaken the simulated circulation and temperature response 
over CE to sea-ice loss compared with fully coupled simu-
lations. Furthermore, the observed recent sea-ice loss also 
includes internally-generated decadal-multidecadal vari-
ations that are not part of the response to historical GHG 
forcing. Thus, it is incorrect to use the CE Tas response 
to the observed sea-ice loss to infer the CE Tas response 
to future sea-ice loss caused by increasing GHGs (Mori 
et al. 2019).

Our results show that it is the internally-generated multi-
decadal fluctuations in BKS SIC and Tas, not GHG-induced 
long-term sea ice loss, that has likely contributed to the 
recent multidecadal cooling over Eurasia. This finding is 
consistent with the fact that no future climate projections 
(Meehl et al. 2009; Collins et al. 2013) show any winter 
cooling or reduced warming over central Eurasia, but con-
tradicts the claim (Mori et al. 2019) that the weak cooling 
effect over central Eurasia from recent BKS sea-ice loss 
seen in atmospheric models represents an impact from the 
GHG-induced long-term Arctic sea-ice decline and that 
such impact over Eurasia would strengthen as Arctic sea-
ice loss continues (which is not supported by the changes 
since ~ 2013, Fig. 1a). To the contrary, we found that the 
influence from BKS on Eurasian Tas will weaken as BKS 
sea ice melts away and the ice-air interactions diminish over 
BKS and other Arctic regions. However, further investiga-
tion is needed on the exact reasons why the GHG-induced 
long-term BKS sea-ice loss would not cause cooling over 
central Eurasia through anomaly cold advection, in contrast 
to what is seen for multidecadal variations.
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