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Abstract

Previous modelling and observational studies have shown discrepancies in the interannual relationship of winter surface
air temperature (SAT) between Arctic and East Asia, stimulating the debate about whether Arctic change can influence
midlatitude climate. This study uses two sets of coordinated experiments (EXP1 and EXP2) from six different atmospheric
general circulation models. Both EXP1 and EXP2 consist of 130 ensemble members, each of which in EXP1 (EXP2) was
forced by the same observed daily varying sea ice and daily varying (daily climatological) sea surface temperature (SST) for
1982-2014 but with different atmospheric initial conditions. Large spread exists among ensemble members in simulating the
Arctic—East Asian SAT relationship. Only a fraction of ensemble members can reproduce the observed deep Arctic warm-
ing—cold continent pattern which extends from surface to upper troposphere, implying the important role of atmospheric
internal variability. The mechanisms of deep Arctic warming and shallow Arctic warming are further distinguished. Arctic
warming aloft is caused primarily by poleward moisture transport, which in conjunction with the surface warming coupled
with sea ice melting constitutes the surface-amplified deep Arctic warming throughout the troposphere. These processes
associated with the deep Arctic warming may be related to the forcing of remote SST when there is favorable atmospheric
circulation such as Rossby wave train propagating from the North Atlantic into the Arctic.

Keywords Arctic—midlatitude linkage - Deep Arctic warming - Shallow Arctic warming - Poleward moisture transport -
Coordinated climate model experiments

1 Introduction

The rapid Arctic sea ice decline is one of the most striking
manifestations of the recent climate change (Fetterer et al.
2017; He et al. 2018; Stroeve et al. 2012). Mostly caused
B4 Shengping He by sea ice loss, the Arctic surface has warmed 2-3 times

Shengping. He@uib.no of the greenhouse gas-induced global warming, a phenom-
enon known as Arctic amplification (Dai et al. 2019; Screen
and Simmonds 2010; Serreze et al. 2009). Local feedbacks

Collaborative Innovation Center on Forecast
and Evaluation of Meteorological Disasters/Key Laboratory

of Meteorological Disaster, Ministry of Education, Nanjing associated with Arctic sea ice loss and radiative processes
University of Information Science & Technology, Nanjing, (Cohen et al. 2014; Kumar et al. 2010), and remote forcing
China including poleward warm and moist air intrusion (Kim et al.
2 Geophysical Institute, University of Bergen and Bjerknes 2017; Svendsen et al. 2018) and increased ocean heat advec-
Centre for Climate Research, Bergen, Norway tion into the Arctic (Arthun et al. 2012; Docquier et al. 2021;
3 Nansen Environmental and Remote Sensing Center Koenigk and Brodeau 2014; Spielhagen et al. 2011) have
and Bjerknes Centre for Climate Research, Bergen, Norway been hypothesized to contribute to Arctic surface warm-
4 Nansen-Zhu International Research Center, Institute ing. Even now, the causes of Arctic warming are not fully
of Atmospheric Physics, Chinese Academy of Sciences, understood (Screen 2017a). The simulated Arctic warming
Beijing, China . . . . .
S _ . in climate models differs from the observation, especially at
Climate Change Research Center, Chinese Academy the mid- and upper-troposphere over the Arctic (Cohen et al.

of Sciences, Beijing, China

@ Springer


http://orcid.org/0000-0003-4245-357X
http://crossmark.crossref.org/dialog/?doi=10.1007/s00382-021-05820-x&domain=pdf

2544

X. Xu et al.

2020; Meleshko et al. 2016; Screen et al. 2012). Contrary
to the consensus that near-surface warming is greatly cou-
pled with sea ice reduction, Arctic warming aloft is argued
more associated with remote sea surface temperature (SST)
and warm moist air transported from lower latitudes to the
Arctic (Graversen et al. 2008; Ogawa et al. 2018; Perlwitz
et al. 2015).

Concurrent with Arctic warming, strong cooling trends
and frequent cold weather patterns emerge in Eurasia since
the late 1990s (Cohen et al. 2014; Johnson et al. 2018; Liu
et al. 2012), particularly in East Asia (Gao et al. 2015; Kug
et al. 2015; Wang and Chen 2014), forming the so-called
“warm Arctic-cold continent” pattern (Overland et al. 2011).
As one of the most significant climate systems in the North-
ern Hemisphere during winter (Chen and Sun 1999; Huang
et al. 2003), the East Asian winter monsoon (EAWM) has
profound influence on the East Asian winter climate (Tao
and Chen 1987). The EAWM has experienced a remark-
able interdecadal weakening from the mid-1980s to the early
2000s (He and Wang 2012), followed by a reversal towards
a strengthening trend in recent decades (Wang and Chen
2014). Arctic amplification might provide enhanced mois-
ture sources (Liu et al. 2012) and enhance snowfall over
Siberia (Cohen et al. 2012), which is closely tied to the inten-
sified EAWM (Zhou 2017). Furthermore, Arctic warming
is an important factor of blocking frequency over the Ural
Mountains (Mori et al. 2014) and can influence the inten-
sity of the EAWM through eastward propagation of Rossby
waves (Cheung et al. 2012; Cohen et al. 2014; Honda et al.
2009; Takaya and Nakamura 2005; Zhou 2017). However,
no consensus has been reached; for instance, some climate
model simulations fail to reproduce winter cooling (Ogawa
et al. 2018; Screen 2017b) and colder conditions (McCusker
et al. 2016; Sun et al. 2016) over Eurasia in response to
reduction of Arctic sea ice. The divergence between obser-
vational and modelling results, and among modelling experi-
ments which test the midlatitude atmospheric circulation
response to the specified Arctic sea ice loss, fueled the
debate about the teleconnection between Arctic warming
and midlatitude climate (Francis 2017; Screen et al. 2018;
Vavrus 2018). Moreover, the observed time period is short
and extratropical natural variability is extremely large, which
makes it difficult to judge how robust more frequent occur-
rence of cold extremes really was (Koenigk and Fuentes-
Franco 2019; Ogawa et al. 2018). And an increasing number
of studies argued the role of atmospheric internal variabil-
ity on the “warm Arctic-cold continent” pattern (Sorokina
et al. 2016; Sung et al. 2018; Xu et al. 2019). Other factors
such as SST in the midlatitudes and tropics (Matsumura and
Kosaka 2019; Sato et al. 2014) and Eurasian snow cover
(Xu et al. 2018) have also been suggested to explain the
Arctic—midlatitudes linkage. While it has been recently pro-
posed that climate models might inadequately capture the
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remote Arctic influence (Francis 2017; Smith et al. 2017).
Based on coordinated simulations from seven atmosphere
general circulation models (AGCMs), Mori et al. (2019)
suggested that about 44% of the Eurasian cooling trend can
be explained by the sea ice loss in the Barents—Kara Seas.
However, the forced surface temperature response to the sea
ice loss is underestimated.

Previous work has revealed the influence of Arctic
warming on the EAWM system and substantiated signifi-
cant negative correlation between surface air temperature
(SAT) anomalies over the Barents—Kara Seas and East Asia
using 39 Coupled Model Intercomparison Project phase 5
(CMIP5) models (Kug et al. 2015). In this paper, we assess
the ability of individual ensemble members of AGCMs in
simulating the linkage between Arctic warming and East
Asian colder conditions and focus on the physical factors
determining the linkage, using the coordinated multi-model
ensemble experiments performed under the GREENICE-
project (Ogawa et al. 2018). Multi models for coordinated
experiments ensure the robust results across different models
with the same boundary conditions (Screen et al. 2018).

2 Model experiments and methods

We utilize the output from the existing coordinated experi-
ments described in Ogawa et al. (2018). Daily varying sea
ice and daily varying SST from the National Oceanic and
Atmospheric Administration (NOAA) (Reynolds et al. 2007)
(download from http://www.ncdc.noaa.gov/sst/index.php)
during 1982-2014 are prescribed in the first set of experi-
ment (EXP1). Daily varying sea ice and daily climatological
SST are prescribed in the second set of experiment (EXP2).
The climatological SST at the marginal sea ice zone is
treated according to Screen et al. (2013) in order to be con-
sistent with the sea ice variations. The two experiments are
performed using five different AGCMs (CAM4, WACCM,
IFS, IAP4, and LMDZOR) with different resolutions and
parameterizations (Table 1). An ensemble of 20 simulations
with different initial conditions is performed for each of the
five models. Another 30-member experiment is performed
prescribing monthly mean sea ice and SST data from Hurrell
et al. (2008) by using the sixth atmospheric model (AFES;
Table 1). External forcing of these experiments follows the
CMIPS5 protocol, that is historical forcing from 1982 to 2005
and RCP8.5 emission scenario from 2006 to 2014.
Monthly SAT and atmospheric variables from Euro-
pean Centre for Medium-Range Weather Forecasts Interim
(ERA-I) reanalysis (Dee et al. 2011) are employed. The
Arctic and East Asian SAT indices (ARTI_2m and
EATI_2m) are defined as area-averaged SAT over the
Barents—Kara Seas (30°-70° E, 70°-80° N) and East Asia
(80°-130° E, 35°-50° N), respectively (Kug et al. 2015).
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Table 1 List of the six models Model name (reference) Horizontal resolution ~ Vertical layers ~ Top level (hPa)  Ensemble
members
CAM4 (Neale et al. 2013) 0.9°x1.25° 26 3 20
WACCM (Marsh et al. 2013) 0.9°x1.25° 66 0.000006 20
IFS (Balsamo et al. 2009) T255 91 0.01 20
IAP4 (Dong et al. 2012) 1.4°x1.4° 26 10 20
LMDZOR (Hourdin et al. 2013)  2.5°x 1.25° 39 0.04 20
AFES (Ohfuchi et al. 2004) 1.5°%x1.5° 56 0.09 30
The Arctic tropospheric temperature index (ARTI_500) 3 Results

is defined as area-averaged 500 hPa temperature over
the Barents—Kara Seas (He et al. 2020). The high (low)
ARTI_2m years are defined when the winter ARTI_2m is
equal or greater (less) than 0.5 (— 0.5) standard deviation.
The winter of 1982 refers to December in 1982 and Janu-
ary and February in 1983.

The Rossby wave source is defined as =V - V. (f + &)
according to Sardeshmukh and Hoskins (1988). Here, V,
is the divergent wind, fis the Coriolis parameter, and £ is
the absolute vorticity.
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Fig. 1 Composites of winter a SAT, b vertical temperature averaged
along 0°-150° E, ¢ water vapor transport vertically intergrated from
1000 to 300 hPa (vectors; kg m™' s™!) and corresponding magnitude
anomalies (shading), d SLP (shading) and UV850 (vectors), e Z300,

Figure 1 shows the composite winter climate anomalies
(that is, high ARTI_2m minus low ARTI_2m years during
1982-2013) in the reanalysis data. The “warm Arctic-cold
continent” anomaly pattern and corresponding atmospheric
circulations (quasi-equivalent barotropic anticyclonic flow
in northern Eurasia and upper-tropospheric cyclonic flow
in East Asia) agree well with prior studies (Kug et al. 2015;
Mori et al. 2014). It has been increasingly recognized that
there are two-way connections between Arctic change and
midlatitude atmospheric circulations (Screen 2017a). Arctic
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values exceed the 95% confidence level
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warming is likely a driver of Eurasian cooling through its
influence on the downstream trough, the background temper-
ature gradient and the polar jet stream (Kim et al. 2014; Mori
et al. 2014; Screen 2017¢). Meanwhile, moisture intrusion
into the Arctic from lower latitudes through atmospheric
circulation anomalies, is an important driver of Arctic warm-
ing by reinforcing the downward infrared radiation (IR)
(Kim et al. 2017; Luo et al. 2017; Park et al. 2015; Zhang
et al. 2008). As indicated by Fig. 1b and c, coinciding with
increased poleward moisture flux from the North Atlantic,
the entire troposphere gets warmer over the Barents—Kara
Seas and colder over East Asia, forming the deep Arctic
warming—cold continent pattern (He et al. 2020).

Before investigating the physical factors determining
the linkage between Arctic warming and East Asian win-
ter temperature, it is necessary to compare the simulated
Arctic—East Asian SAT relationship to the ERA-I. The
regression coefficient of SAT over East Asia on the win-
ter ARTI_2m during 1982-2013 is statistically significant
in ERA-I (- 0.57), but close to zero in the multi-model

ensemble mean of EXP1 (—0.09) and EXP2 (- 0.02)
(Fig. 2a, c). Individual models in both experiments can
capture, but tend to underestimate the negative relation-
ship between surface temperature over the Barents—Kara
Seas and East Asia (Fig. 2a, ¢). The simulated multi-model
ensemble-mean cold anomalies at midlatitudes, associ-
ated with warming in the Barents—Kara Seas, are less sig-
nificant in both experiments (Fig. 3a, d). One particular
highlight in this paper, is the revelation of the dramatic
inter-ensemble diversity for individual models in simulat-
ing the Arctic—East Asian SAT relationship. The standard
deviation of inter-ensemble variability for individual mod-
els in EXP1 is between 0.14 and 0.23 (Fig. 2a). In more
detail, as illustrated by Fig. 2b, the regression coefficients
among ensemble members of individual models in EXP1
range from —0.83 to —0.11 in CAM4, —0.78 to —0.08 in
WACCM, —-0.58 to 0.08 in IFS, —0.49 to 0.07 in IAP4,
—0.571t00.12in LMDZOR, and —0.74 to —0.11 in AFES.
There also exists large spread among ensemble members
of individual models in EXP2 (Fig. 2d) due to the random
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Fig.2 Regression coefficients of winter SAT over East Asia
(EAT_2m) against the Arctic surface temperature index (ARTI_2m)
during 1982-2013, from a multi-model ensemble mean and indi-
vidual models, and b individual ensemble members, in EXP1. a The
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error bars denote the standard deviation of inter-model variability and
inter-ensemble variability for individual models. ¢, d And e, f same as
a, b, but for ¢, d EXP2 and e, f EXP1-minus-EXP2, respectively
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superposition of the forced and internal components of
SAT.

To clarify the large uncertainty in model simulations, we
select the top 10% highest-regression ensemble members
(10% high-ensemble) and the 10% lowest-regression ensem-
ble members (10% low-ensemble) for each model and then
take an average across the models, comparing the differ-
ence between them. Associated with the ARTI_2m, signifi-
cant warm anomalies over the Barents—Kara Seas and cold
anomalies over Eurasia (including East Asia) are reproduced
by the EXP1_10% high-ensemble (Fig. 3b). Cold anoma-
lies in EXP2_10% high-ensemble shift more eastward than
those in EXP1_10% high-ensemble, dominated over East
Asia (Fig. 3e). As expected, EXP1/EXP2_10% low-ensem-
ble captures almost no negative SAT anomalies over mid-
latitudes, though the Arctic surface is significantly warmer
(Fig. 3c, f). Differences in simulating the linkage between
Arctic warming and East Asian winter climate by the same
model with different initial conditions suggest the important
role of atmospheric internal variability.

The oceanic influence is further estimated from the differ-
ence between EXP1 and EXP2 [referred to as EXP1-minus-
EXP2; Xu et al. (2020)]. For example, CAM4 simulations in
EXP1-minus-EXP2 are obtained by subtracting the ensem-
ble mean of CAM4 in EXP2 from each member of CAM4
in EXP1. The composite SAT difference between the high
and low ARTI_2m years in the multi-model ensemble mean
of EXP1-minus-EXP2 is also shown (Fig. 3g), character-
ized by the significant warm Arctic-cold continent anomaly
pattern though underestimated compared to ERA-I. The
multi-model ensemble mean reduces the amplitude of inter-
nal variability compared to prescribed forcing. Therefore,
results from EXP1-minus-EXP2 make clear that the linkage
between Arctic warming and East Asian winter climate can
also be driven by SST, in part.

An insightful way to understand the warm Arctic-cold
continent connection is to explore the mechanism of Arctic
warming, which has been demonstrated related to Arctic sea
ice decline (Screen and Simmonds 2010) and moisture intru-
sion (Woods and Caballero 2016) but still remains incom-
plete. In Fig. 4, we compare the simulated vertically inte-
grated water vapor transport associated with the ARTI_2m
between the 10% high- and 10% low-ensemble and between
different boundary conditions. Note that only five models are
employed when describing the moisture flux, due to the lack
of specific humidity data in AFES. But it would make no dif-
ference (Figure not shown) since no systematical deviation
is found between the results from AFES and the other five
models (Koenigk et al. 2018). As shown in Fig. 4a—c, sig-
nificant increase of poleward moisture transport is present in
EXP1, which is stronger in 10% high-ensemble but absent in
10% low-ensemble. Poleward heat flux which amplifies Arc-
tic warming (Jang et al. 2019; Kim et al. 2017) accompanies
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with poleward moisture flux (Skific and Francis 2013).
Warm and moist air intrusion into the Arctic enhances
the downward IR which is an important warming agent in
the Arctic (Park et al. 2015). In this sense, remote mois-
ture transport into the Arctic would contribute to a warmer
Arctic in EXP1 and EXP1_10% high-ensemble (Fig. 3a, b).
It should be noted that no significant increase of poleward
moisture transport is detected in EXP1_10% low-ensemble
(Fig. 4c), but significant warmer anomalies (greater than
2.4 °C) are still over the Arctic surface (Fig. 3c). One key
finding is that the main difference between the 10% high-
and 10% low-ensemble of EXP1 appears in the vertical
structure of Arctic warming (Fig. 3i vs. j). In EXP1_10%
high-ensemble, the Arctic shows significantly warmer anom-
alies throughout the troposphere, with maximum values near
the surface and reduced amplitude in the mid- and upper-
troposphere (Fig. 3i). By contrast, Arctic warmer anomalies
in EXP1_10% low-ensemble are absent in the upper level but
confined to the lower troposphere (under 700 hPa) (Fig. 3j).
The Arctic-averaged (70°-80° N, 30°-70° E) warm anomaly
at 500 hPa is 0.7 °C and 0.1 °C in the 10% high- and 10%
low-ensemble, respectively (Fig. 5a vs. b). The difference
in Arctic warming aloft between the 10% high- and 10%
low-ensemble is also well represented in the vertical thick-
ness of the layer between 850 and 300 hPa (Fig. Se vs. f).
This strongly suggests that the warm and moist air intrusion
from lower latitudes into the Barents—Kara Seas contrib-
ute more to Arctic warming aloft than to surface warming.
In EXP2, poleward moisture transport is much weaker and
less significant than that in EXP1 (Fig. 4d) and Arctic warm
anomalies larger than 0.2 °C are trapped in the lower tropo-
sphere (Fig. 3k). Consistent with EXP1, distinct difference
of the water vapor transport and vertical structure of Arctic
warming between the 10% high- and 10% low-ensemble can
also be obtained from EXP2 (Figs. 31 vs. m, 4e vs. f, 5c
vs. d, g vs. h). But the composite difference of Arctic sea
ice between the high and low ARTI_2m years shows sig-
nificantly negative anomalies over the Barents—Kara Seas
in both 10% high-ensemble and 10% low-ensemble (Fig. 6).
Negligible difference in sea ice reduction (Fig. 6) coincides
exactly with the negligible difference in Arctic surface
warming (Fig. 3b, c, e, f), underlining that Arctic surface
warming is primarily a manifestation of sea-ice melting but
warming aloft is not mainly attributable to sea-ice melting.

Zhong et al. (2018) evaluated the local and external
moisture contribution to Arctic warming. In this analysis,
we further distinguish the role of moisture flux in deep
Arctic warming versus shallow Arctic warming based on
the results of EXP1, EXP2, and EXP1-minus-EXP2. In
both EXP1 and EXP2, significantly increased evaporation
is observed over the Barents—Kara Seas (Fig. 7a, b), which
is driven by local boundary forcing (Screen and Simmonds
2010). But the evaporation anomaly in EXP2 is invisible
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Fig.4 a—c Composites of winter water vapor transport vertically
intergrated from 1000 to 300 hPa (vectors; kg m~! s7') and corre-
sponding magnitude anomalies (shading), between the high and low
ARTI_2m years during 1982-2013, from the multi-model (AFES is

outside the Arctic (Fig. 7b), consistent with weak pole-
ward moisture intrusion (Fig. 4d). When sea ice forcing is
excluded in EXP1-minus-EXP2, this experiment captures a
weak evaporation anomaly over the Barents—Kara Seas but
increased evaporation over the Norwegian Sea and mid-
latitude North Atlantic (Fig. 7¢), associated with enhanced
external moisture intrusion (Fig. 4g). That is, moisture
increase over the Barents—Kara Seas originates primar-
ily from, local evaporation in EXP2, and remote moisture
intrusion in EXP1-minus-EXP2. Note that Arctic mid- and
upper-tropospheric warming in EXP1-minus-EXP2 is still

30 20 -10 10 20 30 40 50 60

omitted) ensemble mean of a EXP1, b 10% high-ensemble in EXP1
and ¢ 10% low-ensemble in EXP1. d—f Same as a—c, but for EXP2. g
Same as a, but for EXP1-minus-EXP2. The vectors and shaded val-
ues exceed the 95% confidence level

comparative to that in EXP1, but near-surface warming
is substantially weakened in EXP1-minus-EXP2 (Fig. 3h
vs. n). It highlights that poleward moisture transport from
the Norwegian Sea and midlatitude North Atlantic plays
a major role in Arctic warming aloft through downward
IR, while surface warming seems to be induced by sea ice
melting, which is sustained by positive feedback processes
related to local evaporation. The poleward moisture intru-
sion and Arctic sea ice decline in combination can drive
the surface-amplified deep Arctic warming throughout the
troposphere.
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In addition, the Eurasian winter temperature anomalies
are different when the Arctic troposphere is significantly
warmer or not. As illustrated by Fig. 3i and 1, midlatitude
Eurasia shows significant colder anomalies at both the sur-
face and troposphere in EXP1/EXP2_10% high-ensemble,
concurrent with deep Arctic warming extending throughout
the troposphere. The vertical structure of the significantly

@ Springer

warm Arctic-cold continent pattern is also reproduced by
EXP1-minus-EXP2 with a weaker magnitude (Fig. 3n). On
the contrary, no colder conditions are observed at midlati-
tudes associated with shallow Arctic warming limited to
the lower troposphere in EXP1/EXP2_10% low-ensemble
(Fig. 3j, m). Thus, this result clearly suggests that Eurasian
cold conditions occur more often in deep Arctic warming
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(a) EXP1_10%high

(b) EXP1_10%low
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Fig.6 Composites of winter sea ice concentration between the high
and low ARTI_2m years during 1982-2013, from the a 10% high-
ensemble in EXP1 and b 10% low-ensemble in EXP1. ¢, d Same as a,
b, but for EXP2. The dotted values exceed the 95% confidence level

winters rather than shallow Arctic warming winters, consist-
ent with the recent research (He et al. 2020; Jang et al. 2019;
Labe et al. 2020; Xu et al. 2019). Furthermore, the peak-
ing of Arctic warming aloft leads the maximum decrease of

(a) EXP1

(b) EXP2

Eurasian temperature by approximately 3 days on synoptic
scale (He et al. 2020). This reinforces the point that the ver-
tical structure of Arctic warming should be taken seriously
when investigating the linkage between Arctic warming and
Eurasian winter climate.

To shed further light on the relationship revealed above,
we present the composited analyses of large-scale atmos-
pheric circulations between the high and low ARTI_2m
winters in Fig. 8. The significant deep Arctic warming—cold
continent pattern throughout the troposphere in EXP1/
EXP2_10% high-ensemble is associated with an increase
of SLP from the coastal Barents—Kara region to the Sibe-
rian region, indicating an enhancement of the Siberian high
(Fig. 8b, e). This anomalous circulation is a quasi-equivalent
barotropic pattern, accompanied with mid-tropospheric ridg-
ing near the Ural Mountains and downstream cold trough
over East Asia (Fig. 8i, 1). As both a consequence and driver
of the deep Arctic warming (Screen 2017a), the anticyclone
flow favors cold intrusion from the Arctic to midlatitudes
along the east flank and warm and moist air intrusion into
the Arctic along the west flank. He et al. (2020) indicated
the interaction between the deep Arctic warming and Ural
blocking based on lead-lag analysis in CMIPS historical
simulations. The causality between them, of course, needs to
be further investigated. The Ural blocking ridge also ampli-
fies the EAWM through propagation of the quasi-stationary
Rossby wave (Cheung et al. 2012; Cohen et al. 2014; Takaya
and Nakamura 2005; Zhou 2017). For the 10% low-ensem-
ble, there shows anomalous cyclonic flow near the Urals in
EXP1 (Fig. 8c, j), which even occupies the Arctic region in
EXP2 (Fig. 8f, m).

Ural blocking in combination with the positive phase
of the North Atlantic Oscillation (NAO+) (Fig. 1d, e) has
been considered as the most favorable circulation pattern

(c) EXP1 minus EXP2

Fig. 7 Composite of winter evaporation anomalies multiplied by 28.5
(1 mm d~'=28.5 W m~2) between the high and low ARTI_2m years
during 1982-2013, from the multi-model ensemble mean of a EXP1,

b EXP2, and ¢ EXP1-minus-EXP2. The dotted values exceed the
95% confidence level
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(8) EXP1 (c} EXP1_10%low

(0) EXP1_10%nhigh
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Fig.8 a—c Composites of winter SLP (shading) and UV850 (vectors)
between the high and low ARTI_2m years during 1982-2013, from
the multi-model ensemble mean of a EXP1, b 10% high-ensemble in
EXPI1 and ¢ 10% low-ensemble in EXP1. d-f Same as a—c, but for
EXP2. g Same as a, but for EXP1-minus-EXP2. h-n Same as a-g,
but for Z300. The vectors and dotted values exceed the 95% confi-
dence level

that promotes moisture intrusion into Barents—Kara Seas
from the mid-latitude North Atlantic (Luo et al. 2017). In
EXP1, together with an anticyclone near the Barents—Kara
Seas and Urals, the upstream atmospheric circulation pattern
in the North Atlantic resembles the NAO+ (Fig. 8h), which

@ Springer
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Fig.9 Composite of winter a Rossby wave sources (shading;
107" s72), quasi-geostrophic streamfunction (contours; 10° m? s~!

and the associated wave active flux (vectors; 102 m? s2) at 300 hPa,
b Rossby wave sources (shading; 107" s72), velocity potential
(contours; 10* m? s71) and divergent wind (vectors; 102 m s7Y at
300 hPa, and ¢ SST between the high and low ARTI_2m years during
1982-2013 from the multi-model ensemble mean of EXP1

is more conspicuous in EXP1-minus-EXP2 (Fig. 8n). The
wave train structure composed of the NAO+, Ural blocking
and East Asian trough is primarily excited by an anoma-
lous Rossby wave source in the upper troposphere over the
North Atlantic and propagates to East Asia through Green-
land (Fig. 9a). Positive SST anomalies in the North Atlantic
near the Gulf Stream Extension might induce the upper-level
anomalous divergent wind and Rossby wave source (Fig. 9b,
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c) (Sato et al. 2014). Spanning the Atlantic and Eurasia,
the wave train not only steers the pathway of moisture into
the Barents—Kara Seas and intensifies Arctic warming aloft,
but also promotes the linkage between the Arctic and Eura-
sian climate (Luo et al. 2016) (Fig. 3g, n). The wave train
propagating from the North Pacific to the Arctic and Eurasia
is weaker compared to that from the North Atlantic. It is
therefore concluded the processes associated with the deep
Arctic warming may be related to the forcing of remote
SST (Fig. 3n), especially if there is favorable atmospheric
circulation such as Rossby wave train propagating from the
North Atlantic into the Arctic (Fig. 8n). Also, the deep Arc-
tic warming—cold continent pattern in EXP1-minus-EXP2 is
vertically tilted (Fig. 3n), which might have a large implica-
tion to understand the dynamical process.

In EXP2, large-scale circulation changes are weak in the
Eurasia—North Atlantic sector, except for the anticyclonic
flow in the Arctic (Fig. 8k). The dramatic influence of Arc-
tic sea ice decline on surface warming has been suggested
in early studies and further verified by the results of EXP2
in this study, but its influence on the midlatitude climate
has increasingly become a controversial issue (Screen et al.
2018). The simulated results in this study suggest that
sea ice is not the major driver of the deep Arctic warm-
ing—cold continent pattern. As shown by Fig. 2d, most of
the total 130 members in EXP2 (e.g. all ensemble members
of CAM4, WACCM and AFES) can reproduce the nega-
tive SAT relationship between the Barents—Kara Seas and
East Asia, despite the dramatic inter-ensemble diversity for
individual models. In this sense, we can’t assuredly deny
the potential effect of Arctic sea ice loss which might also
be overwhelmed by internal variability. Furthermore, the
missing/weakening of the Arctic tropospheric warming in
uncoupled AGCM can be due to its disability to capture
the ocean—atmosphere interaction (Sorokina et al. 2016).
And the atmospheric response to Arctic sea ice loss is sen-
sitive to the background climate state (Screen and Francis
2016). Moreover, models differ in resolving the stratospheric
processes (such as stratospheric polar vortex) and strato-
sphere-troposphere coupling that are important in the link-
age between Arctic warming and midlatitude climate (Sun
et al. 2015).

4 Conclusions

In this study, we use two sets of coordinated multi-model
ensemble experiments (EXP1 and EXP2) to investigate the
linkage between Arctic warming and East Asian cold win-
ters and contributors to the linkage. There exists dramatic
inter-ensemble diversity for individual models in simulating
the relationship. The top 10% highest-regression ensemble
members (10% high-ensemble) can reproduce the observed

deep Arctic warming—cold continent pattern which extends
from surface to upper troposphere. But the 10% lowest-
regression ensemble members (10% low-ensemble) capture
shallow Arctic warming and no cold anomalies at midlati-
tudes. This indicates the important role of atmospheric inter-
nal variability in the Arctic—midlatitude linkage.

The mechanisms of deep Arctic warming and shallow
Arctic warming are further explored. On the one hand,
increased northward moisture transport from the Norwegian
Sea and midlatitude North Atlantic into the Barents—Kara
Seas plays a major role in Arctic warming aloft. On the other
hand, Arctic surface warming is primarily induced by sea ice
melting, which is sustained by positive feedback processes
related to local evaporation. The poleward moisture intru-
sion and Arctic sea ice decline in combination can drive
the surface-amplified deep Arctic warming throughout the
troposphere.

These processes associated with the deep Arctic warming
may be related to the forcing of remote SST, which is attrib-
uted to favorable atmospheric circulation such as Rossby
wave train propagating from the North Atlantic. Based on
the current analysis, sea ice reduction may not be the major
driver of the deep Arctic warming—cold continent pattern.
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