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Abstract

The large ensembles of the IPSL-CM6A-LR model output for the historical forcing experiment were
employed to investigate the role of internal variability in the formation of the recent “warm Arctic—cold
Eurasia” trend pattern in winter surface air temperature (SAT). In the simulations, the winter SAT trends
during 1991-2014 display remarkable inte-member diversity over the Barents—Kara Seas region and
central Eurasia, suggesting an important role played by internal variability. It is indicated that internally
generated SAT trends over the Barents—Kara Seas are induced mainly by the change in local sea surface
temperature (SST) trends. Furthermore, we find that the warming trend over the Barents—Kara Seas can
induce an anomalous anticyclone over northern Eurasia, which in turn can contribute positively to the
warming anomalies over the Barens—Kara Seas, but cannot account for the cooling trend over central
Eurasia. The cooling trend over central Eurasia can be attributed to the negative Arctic Oscillation (AO)-
like atmospheric circulation pattern, which is independent of the climate change over the Arctic.
Therefore, the observed opposite winter SAT trends over the Barents—Kara Seas and central Eurasia arise
partly from the linear combination of high SST trends over the Barents—Kara Seas and decline in the
winter AO index.

1. Introduction

Since the 1990s, rapid surface warming has occurred over the Arctic region (Polyakov et al. 2002;
Johannessen et al. 2004; Serreze et al. 2008; Screen and Simmonds 2010b; Screen and Simmonds
2010a; Serreze and Barry 2011). During boreal winter, the strongest surface warming signal can be
observed over the Barents—Kara Seas (Kug et al. 2015; Park et al. 2015; Wang et al. 2020b). Over the
same period, cooling trends have been observed in mid-latitudes, especially over central Eurasia (Wu et al.
2011; Cohen et al. 2012a; Cohen et al. 2012b; Liu et al. 2012). The pattern of this Northern Hemisphere
temperature signal has been referred to as the “warm Arctic—cold continents” pattern (Overland et al.
2010; Cohen et al. 2013; Cohen et al. 2014).

The occurrence of the “warm Arctic—cold continents” trend pattern is accompanied by recovery of the
Siberian high (Jeong et al. 2011; Wu et al. 2011) and enhancement of stationary Rossby wave activity
over the northern part of Eurasia (Wang et al. 2020e). It is well recognized that the decrease in winter
surface air temperature (SAT) over mid-latitudes has arisen from increased waviness in the atmospheric
flow (Wang and Chen 2013; Mori et al. 2014; Sun et al. 2016). However, the causality between this
increased waviness in the atmospheric flow and Arctic warming is disputed. Some studies have reported
that the colder continental temperatures and associated change in atmospheric circulation may be
caused by Arctic sea-ice loss and Arctic warming (Tang et al. 2013; Mori et al. 2014; Wang et al. 2020d).
For example, Liu et al. (2012) reported that Arctic sea-ice decline can excite negative Arctic Oscillation
(AO)-like structural circulation anomalies, which in turn result in more frequent episodes of blocking
patterns and cold surges over large parts of northern continents. Some modelling studies have also
reported that sea-ice reduction over the Barents—Kara Seas may decrease winter SAT over central Eurasia
(Honda et al. 2009; Mori et al. 2014). On the contrary, some studies indicate that the warmer Arctic is a
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consequence, not a cause, of the increased waviness in the atmospheric flow (Trenberth et al. 2014). For
example, some studies have indicated that recent recovery of the Siberian high (Feng and Wu 2015; Wang
et al. 2020b) can contribute positively to the warming trend over the Barents—Kara Seas. Furthermore,
some studies have indicated that most of the winter SAT and sea-ice trends can be attributed to internal
atmospheric variability (Park et al. 2015; Gong et al. 2017).

The internally generated variability can be extracted using a given climate model with large ensemble
simulations forced by the same external forcing (Deser et al. 2012). This methodology has been adopted
to study the impact of internally generated variability on regional climate changes over periods of several
decades (Deser et al. 2016; Wang et al. 2018; Ding et al. 2019; Hu et al. 2019). For example, previous
studies have investigated the impacts of internal atmospheric variability on the SAT trends over North
American and East Asian regions during boreal winter and summer (Deser et al. 2016; Hu et al. 2019).
Ding et al. (2019) presented an important internal mechanism arising from low-frequency Arctic
atmospheric variability in models that can cause substantial summer sea-ice loss in recent decades.

Adopting the methodology formulated by Deser et al. (2012), we examine the influence of internal
variability on the winter SAT trends over the Barents—Kara Seas and central Eurasia, separately, and
reveal whether the warming trend over the Barents—Kara Seas and cooling trend over central Eurasia are
caused by a common internal driver or independent ones.

The rest of the paper is organized as follows: Sect. 2 describes the observational data, model outputs and
methodology employed in this study. Section 3 describes the results. Section 4 gives a summary and a
discussion.

2. Data And Methods

The present study employs monthly mean atmospheric reanalysis data from ERA-Interim, which span
from 1 January 1979 to 31 August 2019 and are on horizontal grids of 2.5° x 2.5° (Dee et al. 2011). The
analysis in this paper uses 31-member ensemble simulations to evaluate the role of internal variability in
observed winter temperature trends. The simulations were conducted by the IPSL-CM6A-LR model, set up
and developed by the Institute Pierre-Simon Laplace (IPSL) Climate Modelling Centre for Phase 6 of the
Coupled Model Intercomparison Project (Eyring et al. 2016). Each of the ensemble members were forced
by the same historical radiative forcing but differed in their initial atmospheric conditions. More
information about the IPSL-CM6A-LR model is provided in Boucher et al. (2020). All the modeled
atmospheric variables in the free atmosphere have been bilinearly interpolated to a horizontal resolution
of 2.5° x 2.5°,

According to previous studies, the biases among the different members of the IPSL-CM6A-LR model can
be attributed to the internal climate variability (Deser et al. 2012; Deser et al. 2014; Deser et al. 2016).
Thus, the model’s internal climate variability can be extracted as the inter-member spread from the multi-
member mean. To explore the relationships between the inter-member spread of the trends in two

variables, the linear regressions were used in the present paper. Following previous studies (Deser et al.
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2014; Hu et al. 2019), empirical orthogonal function (EOF) analysis was applied to extract the leading
patterns of the internal climate variability. The vertical component of stationary wave activity flux (SWAF)
derived by Plumb (1985) was applied to analyze the behavior of stationary wave activity in the
atmosphere. The two-tailed Student’s ttest was used to evaluate the statistical significance of regression
and correlation analysis. Due to the limited number of cases, the two-tailed nonparametric Monte Carlo
bootstrap significance test was utilized in the composite analysis. Detailed descriptions of the two-tailed
nonparametric Monte Carlo bootstrap significance test are provided in Ding et al. (2018).

3. Results
3.1 Trend analysis

Figure 1a displays the observed winter SAT trend during 1991-2014. The period 1991-2014 was chosen
because the winter SAT trend pattern during this time exhibits a strongly pronounced “warm Arctic—cold
Eurasia” pattern. The results obtained in this study were unaffected by altering the period forwards by
several years. As shown in Fig. 1a, significant warming anomalies can be observed over the Arctic,
especially over the Barents—Kara Seas (70°-85°N, 15°-~70E®). Meanwhile, an apparent cooling trend can
be seen over central Eurasia (40°-60°N, 50°-130°E) in boreal winter (Fig. 1a), which is consistent with
previous studies (Wu et al. 2011; Cohen et al. 2013; Wang and Chen 2013; Wang et al. 2020e). The winter
SAT trend shown in Fig. 1a was determined by a combination of external forcing and internal climate
variability. Following previous studies (Deser et al. 2012; Kang et al. 2013; Deser et al. 2014), the trends
due to external forcing can be calculated as the average of trends in the 31 ensemble members. Figure 1b
displays the winter SAT trends during 1991-2014 generated by external forcing, which are defined as the
average of trends in the IPSL-CM6A-LR 31 ensemble members. The ensemble-mean winter SAT trend
(Fig. 1b) shows robust warming trend over the Arctic Ocean and American and Eurasian land areas. The
forced response is not uniform, with higher warming rates over the Arctic, especially over the Barents—
Kara Seas region (Fig. 1b). However, the magnitude of the ensemble-mean SAT trend over the Barents—
Kara Seas is smaller than that in the observational data. Thus, it is speculated that the trend component
of winter SAT arising from internal variability may exacerbate the forced response over the Barents—Kara
Seas and mask the forced response over inland northern East Asia.

The relative contributions of external forcing and internal climate variability to the winter SAT trend can
be estimated quantitatively by calculating the signal-to-noise ratio (SNR). The SNR is calculated as the
ratio of the ensemble-mean winter SAT trends to the standard deviation of the deviation from the
ensemble mean trend among the 31 ensemble members (Deser et al. 2012). Figures 1c and d display the
spatial distributions of the inter-member standard deviations and SNR for the winter SAT trends during
1991-2014, respectively. Large inter-member standard deviations of the winter SAT (more than 1.0) can
be observed over the Barents—Kara Seas and over the mid and high latitudes of the Eurasian continent
(Fig. 1c). The SNRs of winter SAT trends are larger than those over the Pacific sector of the Arctic and the
Russian Far East (Fig. 1d). In contrast, low SNRs (values lower than one) of winter SAT trends appear

over the Atlantic sector of the Arctic, especially over the Barents—Kara Seas and over the mid and high
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latitudes of the Eurasian continent (Fig. 1d). Thus, the winter SAT trends over the Barents—Kara Seas and
central Eurasia are both strongly influenced by internal climate variability.

Figures 2a and b display the normalized winter SAT trends during 1991-2014 averaged over the
Barents—Kara Seas and central Eurasia in 31 IPSL-CM6A-LR ensemble members, respectively. As
expected, there are considerable inter-member spreads in the winter SAT trends over the Barents—Kara
Seas and central Eurasia across the 31 ensemble members. This implies that internal climate variability
can exert a larger impact on the winter SAT trends over the Barents—Kara Seas and central Eurasia.
Figures 2c and d display the regressed winter SAT trends during 1991-2014 with respect to the
normalized winter SAT trends averaged over the Barents—Kara Seas and central Eurasia, respectively.
Note that the domain-average winter SAT trends over central Eurasia is multiplied by - 1 for a clear
comparison. Generally, a strong warming trend over the Barents—Kara Seas corresponds to positive
winter SAT trends over most parts of the Arctic and across the Arctic coastline (Fig. 2c). Associated with
the warming trend over the Barents—Kara Seas, a cooling trend can be observed over the Eurasian mid-
latitudes (Fig. 2c). However, the magnitude of the cooling signal is much smaller than that of the
warming signal. Furthermore, the main body of the cooling signal is not located over central Eurasia.
Associated with the cooling trend over central Eurasia, uniform negative winter SAT trends can be
observed over the entire land area of northern Eurasia (Fig. 2d). Actually, the correlation coefficient
between the winter SAT trends during 1991-2014 averaged over the Barents—Kara Seas and central
Eurasia is only 0.02 among the 31 ensemble members. Therefore, the presumption that the observed
cooling trend over central Eurasia is caused by Arctic warming may not be supported in our study.
Furthermore, it seems that the warming trend over the Barents—Kara Seas and cooling trend over central
Eurasia are not caused by a common internal driver.

3.2 Physical processes for internally driven Arctic SAT
trends

The above analysis has indicated that the observed winter SAT trends over the Barents—Kara Seas and
central Eurasia during 1991-2014 were strongly influenced by internal climate variability. In this part, we
examine the physical processes responsible for the internal variability of the winter SAT trends over the
Barents—Kara Seas. Previous studies have reported that the interdecadal increase in SAT over the
Barents—Kara Seas can be explained by an interdecadal increase in wintertime water vapor and
accompanying enhancement of downward longwave radiation (DLR) (Wang et al. 2020b). The inter-
member spread of winter SAT trends over the Barents—Kara Seas may be driven by the same mechanism.
To investigate this hypothesis, we display the regressed trend in winter DLR and total column water
(TCW) with respect to the normalized winter SAT trends averaged over the Barents—Kara Seas. Inspection
of the winter DLR trends indicates that the inter-member spread of the winter SAT trends over the
Barents—Kara Seas is closely associated with the variation there of the winter DLR trends (Fig. 3a). Being
excellent emitters of DLR, the regressed winter TCW trends patterns match well with those of the winter
DLR trends (Fig. 3b). Therefore, the internal variability of the winter SAT trends over the Barents—Kara
Seas can also be driven by the internally driven TCW trends and associated change in the DLR trends.
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Figures 3c and d display scatterplots of the normalized winter SAT and TCW trends averaged against the
normalized winter DLR trend averaged over the Barents—Kara Seas in the 31 members of the IPSL-CM6A-
LR model. A strong linear relationship exists between the normalized winter SAT and DLR trends
averaged over the Barents—Kara Seas, with a correlation of 0.996 (Fig. 3c). Furthermore, the inter-member
spread of the winter DLR trends is closely related to that of the TCW trends, with a correlation of 0.975
(Fig. 3d). The above analysis indicates that the inter-member spread of the winter SAT trends over the
Barents—Kara Seas is also regulated by the same mechanism as that of the observed interdecadal
variability. Therefore, we should be able to shed light on the physical processes accounting for the
change in the winter TCW trends over the Barents—Kara Seas to reveal the internal drivers there of the
winter SAT trends.

It is known that an increase in TCW may be caused by local processes (such as increased evaporation) or
result from increased moisture transport from other regions. Wang et al. (2020b) reported that the
stationary component of moisture flux convergence has contributed positively to the interdecadal
increase in TCW over the Barents—Kara Seas region since the mid-2000s. Therefore, the regressed trends
of wintertime evaporation and stationary moisture flux convergence with respect to domain-averaged
SAT trends over the Barents—Kara Seas are displayed in Figs. 4a and b. Corresponding to the warming
trend over the Barents—Kara Seas, an increase in evaporation and moisture flux convergence can be
observed over the same region (Figs. 4a and b). We further display scatterplots of the normalized
domain-averaged TCW trends against the normalized domain-averaged evaporation and moisture flux
convergence trends over the Barents—Kara Seas in Figs. 4c and d. It is clear that the inter-member spread
of the winter TCW trends over the Barents—Kara Seas have significant positive relations with that of the
trends of evaporation and moisture flux convergence (Figs. 4c and d). However, the correlation coefficient
between the TCW and evaporation trends (0.927) is larger than the correlation coefficient between the
TCW and moisture flux convergence trends (0.434). Measured by correlation coefficients, the variation of
the winter TCW trends over the Barents—Kara Seas is mainly driven by the local evaporation process. The
anomalous moisture flux convergence induced by internal atmospheric variability plays only a secondary
role.

3.3 Internal drivers of a warm Arctic and cold Eurasia

The above results indicate that the internally driven TCW trends over the Barents—Kara Seas arise mainly
from the local evaporation process. Considering the important role of local SST in influencing
evaporation over the ocean, it is assumed that the change in SST may be the most important internal
driver for the warming trend over the Barents—Kara Seas. The relation between the variation of the inter-
member spread of the trends of winter SAT and SST is examined in the following. Figure 5a displays the
regressed winter SST trends with respect to normalized winter SAT trends averaged over the Barents—
Kara Seas. As shown in Fig. 5a, significant positive SST trends can be observed over the Barents—Kara
Seas, implying an important role played by local SST change in driving the increase in SAT over the
Barents—Kara Seas. As shown in Fig. 5b, a strong linear relationship exists between the SST and SAT
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trends, with a correlation of 0.933. Therefore, it is possible that local SST change over the Barents—Kara
Seas plays the central role in driving the inter-member spread of the winter SAT trends.

Previous studies have reported the importance of variations in sea ice or SST over the Barents—Kara Seas
in influencing atmospheric circulation (Inoue et al. 2012; Mori et al. 2014; Wang et al. 2020d). Figure 6
displays the regressed trends of winter SAT, 500-hPa geopotential height (Z500), 300-hPa zonal wind
(U300) and sea level pressure (SLP) with respect to normalized winter SST tends averaged over the
Barents—Kara Seas. As we can see in Fig. 6a, an increase in SST corresponds to warming anomalies over
the Arctic and along the Siberian coast, which implies a weakened mid-latitude and Arctic thermal
contrast. Consistent with the thermal wind relation, a decrease in U300 can be observed over northern
Eurasia and an increase in U300 is apparent over the northern Barents—Kara Seas (Fig. 6b). According to
Wang et al. (2020e), the weak thermal contrast and decrease in U300 over northern Eurasia can lead to
weak synoptic-scale eddy activity there. Furthermore, the negative anomalies of synoptic-scale eddy
activity can drive an anomalous anticyclone to its south and anomalous anticyclone to its north (Lau
1988; Cai et al. 2007). Thus, an anomalous ridge can be found to the south of the main body of negative
U300 anomalies and anomalous cyclone located to its south (Fig. 6¢). The anomalous ridge around the
Ural Mountains can be caused by an enhanced frequency of Urals blocking (Wang and Chen 2013).
According to some studies, the warming trend over the Barents—Kara Seas can provide a favorable
condition for enhancement of Urals blocking activity (Mori et al. 2014; Luo et al. 2017; Yao et al. 2017). In
the low troposphere, apart from the positive SLP trend over the land areas of Siberia, a decrease in the
SLP trends can be observed over the Arctic (Fig. 6d). The change in the winter SLP trends may be induced
by the change in the tracks of cyclones. According to previous studies, weaker (stronger) upper-level
zonal wind may hinder (facilitate) the eastward propagation of synoptic eddies from this region (Wallace
et al. 1988; Chang and Yu 1999; Wang et al. 2020a). The relevant change in U300 corresponds to a
northward shift in the cyclone tracks, which means more (fewer) cyclones travel across the Arctic
(Siberian coast). This is consistent with the findings of Inoue et al. (2012), who suggested that sea-ice
loss and Arctic warming can increase the SLP along the Siberian coast and decrease the SLP over the
Arctic through controlling the tracks of cyclones.

Previous studies have indicated that the internally driven SAT trends over Eurasia are mainly caused by
internal atmospheric circulation variability (Sun et al. 2016; Wang et al. 2018). Figure 7a displays the
regressed winter SLP trends with respect to the normalized domain-averaged SAT trends over central
Eurasia. When the cooling trend over central Eurasia occurs, an anomalous anticyclone can be observed
over the Arctic and an anomalous cyclone can be observed over East Asia and the North Pacific (Figs. 7a
and b). The associated atmospheric circulation anomalies are very different from those with respect to
the domain-average SST trend over the Barents—Kara Seas, implying a negligible role of a warming Arctic
in driving a cold Eurasia. The ensemble trend regressions in SLP and Z500 resemble those associated
with the negative phase of the AO (Thompson and Wallace 2001; Wang and Chen 2013), implying that a
cooling central Eurasia arises mainly from a negative AO trend. The internally generated AO-like
atmospheric circulation pattern can be extracted though EOF analysis. Specifically, EOF analysis was

performed on the ensemble SLP trends in the domain of Eurasia (30°-90°N, 0°~180°E) among the 31
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ensemble members. The first EOF mode (EOF1) of the internally generated winter SLP trends over Eurasia
explains about 49.0% of the winter SLP trends among the 31 ensemble members and can be well
separated from the others according to the criterion of North et al. (1982). Figures 7c and d display
regression maps of the trends of the winter SLP and SAT upon the first leading principal component
(PC1). The EOF1 mode bears a close resemblance to the regressed SLP trend pattern with respect to the
domain-average winter SAT trend over central Eurasia (Figs. 7a and c¢). Furthermore, the spatial structure
of the regressed trends of winter SAT upon PC1 is similar to that associated with a cold central Eurasia
(Figs. 2d and 7d). The correlation coefficient between PC1 and the domain-average SAT trend over
Eurasia is as high as 0.815, and is significant at the 99% confidence level according to the two-tailed
Student’s ttest. These results suggest that the EOF1 mode plays the dominant role in contributing to the
decrease in SAT over central Eurasia.

3.4 Causes of the observed trend pattern of SAT and
circulation anomalies

According to above analysis, the observed “warm Arctic—cold Eurasia” trend pattern may be caused by
the coincidence of warming tends of SST over the Barents—Kara Seas and a positive phase of the EOF1
mode. To test this suggestion, ensemble members are selected when both the normalized SST trends
averaged over the Barents—Kara Seas and PC1 exceed a criterion of 0.50 to construct a “combined
composite”. According to this criterion, five cases were selected from all members. Figure 8 displays the
observed trends of winter SAT, SLP, and Z500 during 1991-2014, along with the composite trends of
winter SAT, SLP and Z500, for the five selected cases. As shown in Figs. 8a—c, accompanying the
emergence of the “warm Arctic—cold Eurasia” trend pattern in wintertime temperatures, a significant
change in the atmospheric circulation can be observed over the northern Eurasian continent. Specifically,
a significant increase in wintertime SLP can be observed over the northern Eurasian continent (Fig. 8b),
which implies amplification of the Siberian high. For wintertime Z500, its trend pattern displays a Rossby-
wave-like pattern over northern Eurasia, with positive Z500 anomalies over the Barents—Kara Seas and
negative Z500 anomalies above East Asia (Fig. 8c). The linear combination of the warming trend of SST
over the Barents—Kara Seas and positive PC1 can reproduce well the observed “warm Arctic—cold
Eurasia” trend pattern and associated atmospheric circulation change over the land areas of Eurasia.
Thus, the observed warming trend over the Barents—Kara Seas and cooling trend over central Eurasia
arise partly from the coincidence of the warming trend in SST over the Barents—Kara Seas and declining
trend in the wintertime AO index. The internally generated SST trend over the Barents—Kara Seas may
exert a modulating impact on the AO-related anomaly patterns. Specifically, the positive SLP trends over
the Arctic with respect to PC1 are offset by the SST-forced SLP anomalies. It should be noted that the
linear combination cannot reproduce the SAT change and atmospheric circulation change over the North
Pacific, implying that other physical processes may account for the climate change over the North
Pacific.

According to Wang et al. (2020e), the anomalous ridge around the Ural Mountains and trough over the
Far East correspond to an enhancement of the enhanced stationary wave amplitude and an increase in
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the vertical component of SWAF. Figure 9 displays the trends in the vertical component of SWAF at 500
hPa for the observation and five selected ensemble members. In the observation, a significant increase in
the vertical component of SWAF can be seen in the northern part of Eurasia, which is consistent with the
findings of Wang et al. (2020e). Furthermore, the enhancement of stationary wave activity in the northern
part of Eurasia can be reproduced in the five selected cases. Thus, although it is suggested that the
warming over the Barents—Kara Seas provides a favorable condition for enhancement of the stationary
wave activity in the northern part of Eurasia (Wang et al. 2020e), it cannot account fully for the change in
the stationary wave activity.

4. Summary And Discussion

In this paper we have investigated the role of internal variability in the formation of the opposite trends in
winter SAT over the Barents—Kara Seas and central Eurasia during 1991-2014 through analysis of large
ensembles of fully coupled climate model simulations with historical radiative forcing. Measured by the
standard deviation of the winter SAT trends, the trends in winter SAT over the Barents—Kara Seas and
central Eurasia display large inter-member diversity across all the ensemble members. This suggests that
internal climate variability is vital to the recent observed trends in wintertime SAT over the Barents—Kara
Seas and central Eurasia.

Our study indicates that the inter-member variations of the winter SAT trends over the Barents—Kara Seas
are mainly caused by the change in local SST. An increase in SST over the Barents—Kara Seas can lead
to enhancement of TCW and DLR through affecting local evaporation. The warming trend over the
Barents—Kara Seas can also induce an anomalous anticyclone over northern Eurasia, which in turn can
contribute positively to the warming anomalies over the Barents—Kara Seas through its impacting on
moisture transport. However, stationary moisture flux convergence is suggested to play only a secondary
role in inducing the warming trend over the Barents—Kara Seas. The inter-member variations of the trend
in winter SAT over central Eurasia are closely associated with the internally driven AO-like atmospheric
circulation. In other words, the cooling trend that occurred over central Eurasia during 1991-2014 was
mainly induced by a decline in the winter AO index for this period. Lastly, we demonstrate that the recent
“warm Arctic—cold Eurasia” trend pattern and associated changes in atmospheric circulation over
northern Eurasia can be attributed to the coincidence of the warming trend in SST over the Barents—Kara
Seas and the declining trend in the winter AO index over the same period.

Previous studies have also emphasized the role played by an increase in water vapor in enhancing
wintertime DLR and increasing wintertime SAT over the Arctic on multiple time scales (Park et al. 2015;
Gong et al. 2017; Wang et al. 2020b). However, some studies have reported that increases in water vapor
over the Arctic are mainly driven by the horizontal atmospheric water flux into the Arctic and not by
evaporation from the Arctic Ocean (Park et al. 2015; Gong et al. 2017). It should be noted that these
studies were based on the assumption that the same process that drives the intraseasonal variability in
SAT also plays a significant role in contributing to the long-term SAT trend. However, since the ocean
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signal (such as evaporation over the Arctic Ocean) operates over a much longer time scale, its impact on
the Arctic SAT trend cannot be fully evaluated using their intraseasonal link.

Previous studies have indicated that the significant decrease in the winter AO index since the late 1980s
has favored anomalously cold temperatures over northern Eurasia (Cohen et al. 2012b). Some studies
indicate that sea-ice loss over the Barents—Kara Seas can decrease the SAT over Eurasia through its
impact on atmospheric circulation anomalies on the interannual time scale (Mori et al. 2014; Wang et al.
2020d). However, according to our findings, the cooling trend over central Eurasia is not the immediate
response triggered by the increase in SST over the Barents—Kara Seas. Some previous studies have
emphasized the role of Arctic sea-ice loss during late summer to fall in exciting the negative AO-like
atmospheric circulation pattern and cold continents in the following winter (Honda et al. 2009; Nakamura
2015; Zhang et al. 2018). However, as some studies indicate, the observed covariability between the
Arctic sea ice during late summer to fall and the winter extratropical atmospheric circulation does not
necessarily imply causality (Wang et al. 2020c; Warner et al. 2020). Thus, additional research is
necessary to elucidate the role of Arctic sea-ice loss and Arctic warming in causing the cold continents.
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Figure 1

The (a) observed and (b) ensemble-mean winter SAT trends (K/10 yr) during 1991-2014, (c) the standard
deviation of the winter SAT trends, and (d) the ratio of the ensemble mean to the standard deviation of
the winter SAT trends among the 31 IPSL-CM6A-LR ensemble members. Note: The designations
employed and the presentation of the material on this map do not imply the expression of any opinion
whatsoever on the part of Research Square concerning the legal status of any country, territory, city or
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area or of its authorities, or concerning the delimitation of its frontiers or boundaries. This map has been
provided by the authors.
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(a, b) Normalized winter SAT trends averaged over (a) the Barents—Kara Seas (70°-85°N, 15°-~70E°) and
(b) central Eurasia (40°-60°N, 50°-130°E) in 31 IPSL-CM6A-LR ensemble members. (c, d) Regressions of
winter SAT trends (K/10 yr) on the normalized winter SAT trend averaged over (c) the Barents—Kara Seas
and (d) central Eurasia. Dotted areas denote anomalies that are significant at the 95% confidence level
according to the Student’s t-test. Note: The designations employed and the presentation of the material
on this map do not imply the expression of any opinion whatsoever on the part of Research Square
concerning the legal status of any country, territory, city or area or of its authorities, or concerning the
delimitation of its frontiers or boundaries. This map has been provided by the authors.
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Figure 3

(a, b) Regressions of the trends of winter (a) DLR (W m-1/10 yr) and (b) TCW (kg/kg/10 yr) on the
normalized winter SAT trend averaged over the Barents—Kara Seas. Dotted areas denote anomalies that
are significant at the 95% confidence level according to the Student’s t-test. (c, d) Scatterplots of the
normalized winter (c) SAT and (d) TCW trend against the normalized winter DLR trend averaged over the
Barents—Kara Seas in 31 IPSL-CM6A-LR ensemble members. Note: The designations employed and the
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presentation of the material on this map do not imply the expression of any opinion whatsoever on the
part of Research Square concerning the legal status of any country, territory, city or area or of its
authorities, or concerning the delimitation of its frontiers or boundaries. This map has been provided by
the authors.
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(a, b) Regressions of the trends of winter (a) evaporation (kg m-2 s-1/10 yr) and (b) moisture
convergence (multiplied by the latent heat of evaporation, L, W m-2/10 yr) on the normalized winter SAT
trend averaged over the Barents—Kara Seas. Dotted areas denote anomalies that are significant at the
95% confidence level according to the Student’s t-test. (c, d) Scatterplots of the normalized winter (c)
evaporation and (d) moisture convergence trends against the normalized winter TCW trend averaged over
the Barents—Kara Seas in 31 IPSL-CM6A-LR ensemble members. Note: The designations employed and
the presentation of the material on this map do not imply the expression of any opinion whatsoever on
the part of Research Square concerning the legal status of any country, territory, city or area or of its
authorities, or concerning the delimitation of its frontiers or boundaries. This map has been provided by
the authors.

Page 19/24



(a) SST wr[)é\ﬁTBKS

-0.72 <048 024 0 024 048 0.72

(b) RI(SAT,ISST)=(|}.933

2.0 +
1.0 4

0.0

SST-BKS

-2.0 -1.0 0.0 1.0 2.0
SAT-BKS

Figure 5

(a) Regressions of the winter SST trend (K/10 yr) on the normalized winter SAT trend averaged over the
Barents—Kara Seas. Dotted areas denote anomalies that are significant at the 95% confidence level
according to the Student’s t-test. (b) Scatterplots of the normalized winter SAT trend against the
normalized winter SST trend averaged over the Barents—Kara Seas in 31 IPSL-CM6A-LR ensemble
members. Note: The designations employed and the presentation of the material on this map do not

Page 20/24



imply the expression of any opinion whatsoever on the part of Research Square concerning the legal
status of any country, territory, city or area or of its authorities, or concerning the delimitation of its
frontiers or boundaries. This map has been provided by the authors.
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Figure 6

Regressions of the trends of winter (a) SAT (K/10 yr), (b) U300 (m s-1/10 yr), (c) Z500 (m/10 yr) and (d)
SLP (hPa/10 yr) on the normalized winter SST trend averaged over the Barents—Kara Seas. Dotted areas
denote anomalies that are significant at the 95% confidence level according to the Student'’s t-test. Note:
The designations employed and the presentation of the material on this map do not imply the expression
of any opinion whatsoever on the part of Research Square concerning the legal status of any country,
territory, city or area or of its authorities, or concerning the delimitation of its frontiers or boundaries. This
map has been provided by the authors.
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Figure 7

(a, b) Regressions of the trends of winter (a) SLP (hPa/10 yr) and (b) Z500 (m/10 yr) on the normalized
winter SAT trend averaged over central Eurasia. (c, d) Regressions of the trends of winter (c) SLP (hPa/10
yr) and (d) SAT (K/10 yr) upon the normalized PC1 of EOF modes of winter SLP trends in the domain of
Eurasia (30°-90°N, 0°-180°E). Dotted areas denote anomalies that are significant at the 95% confidence
level according to the Student's t-test. Note: The designations employed and the presentation of the
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material on this map do not imply the expression of any opinion whatsoever on the part of Research
Square concerning the legal status of any country, territory, city or area or of its authorities, or concerning
the delimitation of its frontiers or boundaries. This map has been provided by the authors.
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Figure 8

(a—c) Observed trends of winter (a) SAT (K/10 yr), (b) SLP (hPa/10 yr) and (c) Z500 (m/10 yr) during
1991-2014. (d—f) Composite trends of winter (d) SAT (K/10 yr), () SLP (hPa/10 yr) and (f) Z500 (m/10
yr) for the five selected IPSL-CM6A-LR ensemble members. Dotted areas indicate the 90% confidence
level according to the two-tailed nonparametric Monte Carlo bootstrap significance test. Note: The
designations employed and the presentation of the material on this map do not imply the expression of
any opinion whatsoever on the part of Research Square concerning the legal status of any country,
territory, city or area or of its authorities, or concerning the delimitation of its frontiers or boundaries. This
map has been provided by the authors.
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Figure 9

Trends in the vertical component of SWAF (102 m2 s-2/10 yr) at 500 hPa during winter for the period
1991-2014 in the (a) observation and (b) five selected IPSL-CM6A-LR ensemble members. Dotted areas
indicate the 90% confidence level according to the two-tailed nonparametric Monte Carlo bootstrap
significance test. Note: The designations employed and the presentation of the material on this map do
not imply the expression of any opinion whatsoever on the part of Research Square concerning the legal
status of any country, territory, city or area or of its authorities, or concerning the delimitation of its
frontiers or boundaries. This map has been provided by the authors.
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