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ABSTRACT

To  quantify  the  relative  contributions  of  Arctic  sea  ice  and  unforced  atmospheric  internal  variability  to  the “warm
Arctic, cold East Asia” (WACE) teleconnection, this study analyses three sets of large-ensemble simulations carried out by
the Norwegian Earth System Model with a coupled atmosphere–land surface model, forced by seasonal sea ice conditions
from preindustrial, present-day, and future periods. Each ensemble member within the same set uses the same forcing but
with small perturbations to the atmospheric initial state. Hence, the difference between the present-day (or future) ensemble
mean and the  preindustrial  ensemble  mean provides  the  ice-loss-induced response,  while  the  difference of  the  individual
members within the present-day (or  future)  set  is  the effect  of  atmospheric  internal  variability.  Results  indicate  that  both
present-day and future sea ice loss can force a negative phase of the Arctic Oscillation with a WACE pattern in winter. The
magnitude  of  ice-induced  Arctic  warming  is  over  four  (ten)  times  larger  than  the  ice-induced  East  Asian  cooling  in  the
present-day  (future)  experiment;  the  latter  having  a  magnitude  that  is  about  30%  of  the  observed  cooling.  Sea  ice  loss
contributes  about  60% (80%) to  the  Arctic  winter  warming in  the  present-day  (future)  experiment.  Atmospheric  internal
variability  can  also  induce  a  WACE  pattern  with  comparable  magnitudes  between  the  Arctic  and  East  Asia.  Ice-loss-
induced East Asian cooling can easily be masked by atmospheric internal variability effects because random atmospheric
internal variability may induce a larger magnitude warming. The observed WACE pattern occurs as a result of both Arctic
sea ice loss and atmospheric internal variability, with the former dominating Arctic warming and the latter dominating East
Asian cooling.
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Article Highlights:

•   Both  present-day  and  future  Arctic  sea-ice  loss  can  force  a  negative  winter  Arctic  Oscillation  which  exhibits  a  larger
magnitude in the future case.
•   If  only  sea  ice  and  atmospheric  internal  variability  were  considered,  the  former  may  contribute  to  more  than  60% of
winter Arctic warming.
•   Compared  to  Arctic  sea  ice  loss,  atmospheric  internal  variability  could  contribute  to  more  than  70%  of  East  Asian
cooling.
•  A pattern of Arctic warming with a comparable magnitude of East Asian cooling is more likely induced by atmospheric
internal variability.

 

 
  

1.    Introduction

A robust finding in both observational and modeling stud-
ies covering the past few decades is the prominent near-sur-
face warming in the Arctic  coupled with dramatic  declines
in  Arctic  sea  ice  (Blunden  and  Arndt,  2012; Gao  et al.,
2015).  Early  studies  have  already  acknowledged  that  the
response of the Earth’s surface temperature to an increasing
air-borne  fraction  of  carbon  dioxide  would  heat  the  Earth
and  that  the  heating  would  be  especially  pronounced  in
polar  regions  (Arrhenius,  1896; Manabe  and  Stouffer,
1980). In contrast to the well-documented global and Arctic
warming signals,  a  cooling trend with frequently occurring
extreme  cold  winter  spells  is  observed  over  Eurasia  from
the late-1990s to the early-2010s (Cohen et al., 2014; Francis
et al.,  2017; Coumou  et al.,  2018; Smith  et al.,  2022).  The
two winter temperature trends — Arctic warming and East
Asian  cooling — have initiated  community-wide  efforts  to
explore  the  possible  linkages  and  the  underlying  dynamic
and  thermodynamic  mechanisms  between  the  two  (Kim
et al., 2014; Li et al., 2014; Francis and Vavrus, 2015; Kug
et al., 2015; Cohen et al., 2020; Outten et al., 2023). Due to
high  albedo  and  effective  blocking  of  the  direct  heat
exchange between the atmosphere and the underlying ocean
(He  et al.,  2018),  Arctic  sea  ice  and  the  snow  on  ice  have
been referred to as key factors for the observed Arctic near-
surface  warming  (Serreze  et al.,  2007; Screen  and  Sim-
monds, 2010; Webster et al., 2018). Given that the meridional
temperature gradient is a fundamental driver of the latitudinal
position and intensity of the mid-latitude jet stream (Thomp-
son and Wallace, 2001), Arctic warming and sea ice reduction
can potentially induce changes in the atmospheric circulation
and climate  extremes  at  mid-latitudes  (Cohen et al.,  2012).
Such  an  Arctic–mid-latitude  linkage  has  been  associated
with abnormal  cold and snowy winters  over  Eurasia  in  the
2000s  (Cohen  et al.,  2013, 2014).  Several  mechanisms
through  which  changes  in  the  Arctic  can  be  linked  to
changes at mid-latitudes have been proposed. Arctic warming
can (1) decelerate the jet stream by weakening the low-level
meridional temperature gradient (Francis, 2017); (2) intensify
the  Siberian  high  by  stimulating  downstream  propagating
Rossby waves (Honda et al., 2009; Li and Wang, 2013); (3)
weaken the polar vortex or favor the negative phase of Arctic
Oscillation by enhancing the upward propagation of planetary
waves (Kim et al., 2014; Zhang et al., 2016, 2022; Xu et al.,

2019),  and eventually  influence the climate  and weather  at
mid-latitudes (Cohen et al., 2014).

There is, however, no consensus as to whether the cooling
trend  and  the  frequent  severe  mid-latitude  winters  in  the
1990s and 2000s are induced by Arctic changes (Gao et al.,
2015; Francis,  2017; Cohen  et al.,  2020; Outten  et al.,
2023).  Some  studies  have  explicitly  stated  that  there  is  a
robust influence of Arctic sea ice loss on Eurasian winter tem-
perature (Mori et al., 2014), while others claim that no such
dynamic  relationships  exist  (McCusker  et al.,  2016).
Although a  significant  negative  correlation  has  been found
between the observational Arctic sea ice and Eurasian winter
temperature (Outten and Esau, 2012), determining causality
from  such  statistics  is  still  an  intractable  problem  (Smith
et al.,  2017).  Furthermore,  discrepancies  among  modeling
results and between modeling and observational studies com-
plicate the matter. For example, linkages between Arctic sea
ice  loss  and  more  severe  cold  winters  over  Eurasia  have
been  identified  (Kim  et al.,  2014; Mori  et al.,  2019),
whereas other studies have failed to find similar cold winter
anomalies, cooling trends, or significant changes in extreme
weather  events  in  Eurasia  (McCusker  et al.,  2016; Ogawa
et al.,  2018).  Possible  explanations  for  these  discrepancies
include  deficiencies  and diversities  among climate  models,
detailed experimental designs (Screen et al.,  2018), and the
approaches used (England et al., 2022).

It is noteworthy that there is a consensus in the under-
standing of how Arctic sea-ice loss affects Arctic near-surface
warming (Screen and Simmonds, 2010; Ogawa et al., 2018;
Dai  et al.,  2019).  However,  the  missing  response  of
Eurasian cooling to Arctic sea ice loss inherent to many stud-
ies (McCusker et al., 2016; Ogawa et al., 2018) impedes the
understanding of previously proposed pathways on the Arctic
–mid-latitude climate linkages. A large intermodal spread in
both  the  structure  and  the  magnitude  of  climate  response
has  been documented (He et al.,  2020),  and the  underlying
driving mechanisms are not well understood. One key factor
in  this  respect  is  the  signal-to-noise  ratio.  If  the  signal-to-
noise ratio of  some climate variables  is  low in models,  the
atmospheric  internal  variability  can  easily  overwhelm  the
forced response  to  Arctic  sea  ice  forcing  (McCusker  et al.,
2016). Gao  et al. (2015)  have  reviewed  a  large  number  of
studies  and  found  different  and  even  contradictory  conclu-
sions  on  the  impacts  of  Arctic  sea  ice  loss.  They  suggest
that  the  importance  of  atmospheric  internal  variability

2 ARCTIC SEA ICE LOSS AND ATMOSPHERIC INTERNAL VARIABILITY

 

  



should be further investigated, a comment that has been sup-
ported  by  observations  from the  last  decade.  For  example,
an abnormal  Atlantic  windstorm in  January 2016 led to  an
Arctic  warming  beyond  the  3.5  standard  deviation  level
(Kim  et al.,  2017);  meanwhile,  an  abnormal  Ural  blocking
high  resulted  in  a  historical  record-extreme  cold  spell  in
East Asia (Ma and Zhu, 2019). The roles of such abnormal
atmospheric  circulation  regimes  in  impacting  weather  and,
over  time  climate,  in  particular  the  extreme  events,  appear
to  become  more  evident  (Zhang  et al.,  2021; Xu  et al.,
2022a, b). Due to the chaotic nature of the atmosphere and
the interaction of processes on a range of temporal and spatial
scales, it is challenging to isolate the effects of atmospheric
internal  variability  from  the  effect  of  Arctic  sea  ice  loss
through  statistical  analysis  of  available  observations. Gao
et al. (2015) suggested that “coordinated multi-model ensem-
ble experiments with identical sea ice and SST boundary con-
ditions  are  needed  to  understand  the  associated  mecha-
nisms.”

The emergence of  large ensembles of  simulations pro-
vides a unique opportunity to identify and quantify the influ-
ence of internal climate variability. Here, internal climate vari-
ability is generally referred to as unforced climate variations
intrinsic  to  a  given  climate  state  arising  from atmospheric,
oceanic,  land,  and  cryospheric  processes  and  their  coupled
interactions (Kay et al., 2015). To understand the effects of
internal  variations  that  arise  from  atmospheric  (e.g.,  large-
scale circulation patterns) and cryospheric (e.g., Arctic) pro-
cesses, we will use large ensembles of simulations in which
only the atmosphere and land components are coupled. All
ensemble members have identical external forcings and identi-
cal  boundary  conditions  of  sea  surface  temperature  (SST)
and sea ice concentration (SIC), but with small perturbations
in the atmospheric state at the start of the simulations. The dif-
ferences between the ensemble mean of experiments with dif-
ferent SIC forcing can be interpreted as the response to the
perturbed SIC, while the difference between individual ensem-
ble members within the same model configuration is a mea-
sure of  atmospheric internal  variability.  This  protocol  even
allows us to assess the relative effects of sea ice loss and atmo-
spheric internal variability which may reconcile the current
divergent conclusions on the influence of Arctic sea ice on
midlatitude climate (Cohen et al., 2020). Ideally, multi-mem-
ber ensembles should be analyzed based on distinctly differ-
ent  model  systems.  Such  a  super-ensemble  approach  will
reduce the impact  of  individual  model  system deficiencies,
and thus highlight the leading — and presumably the govern-

ing — physical  and  dynamical  processes  and  interactions
involved. However, the presented analysis is limited to a sin-
gle model system.

The remainder of this paper is organized as follows, sec-
tion 2 describes the model and data, sections 3 and 4 present
a discussion of the results, and section 5 provides a summary
and conclusion. 

2.    Data and Methods
 

2.1.    Observational data

The reanalysis data is the European Centre for Medium-
Range Weather Forecasts (ECMWF) fifth-generation global
atmospheric reanalysis (ERA5) (Hersbach et al., 2020). The
Arctic  sea  ice  extent  index  is  derived  from  the  National
Snow and Ice Data Center (Fetterer et al., 2017). The linear
trend  has  been  removed  from  the  observational  dataset  in
the linear regression. 

2.2.    The  Norwegian  Earth  System  Model  version  2
(NorESM2)

The model used in the presented analysis is the second
version of the Norwegian Earth System Model (NorESM2)
(Seland et al., 2020). The NorESM2 is based on the second
version  of  the  Community  Earth  System  Model  (CESM2)
(Danabasoglu et al., 2020). The NorESM2 uses many compo-
nents of the CESM2 and it shares the corresponding model
code  infrastructure.  In  contrast  to  CESM2,  NorESM2 uses
an  isopycnic-coordinate  oceanic  general  circulation  model
component,  the  Bergen  Layered  Ocean  Model  (Furevik
et al.,  2003),  with  an  ocean-biogeochemistry  module.  Sec-
ondly, the NorESM2 has its own aerosol physics and chem-
istry module, an improved formulation for energy and momen-
tum conservation, and an updated representation of deep con-
vection and air-sea fluxes (Seland et al., 2020). It is an atmo-
sphere-only, coarse-resolution (approximately 2° × 2°) ver-
sion of the NorESM2, named NorESM2-LM, that is used in
this study. Note that the experiments carried out for PAMIP
with the CESM2 (not considered here) have a higher resolu-
tion (1° × 1°). 

2.3.    Polar Amplification Model Intercomparison Project
(PAMIP) simulations

The  analyzed  simulations  follow  the  protocol  of  the
Polar  Amplification  Model  Intercomparison  Project
[PAMIP; (Smith et al., 2019)]. We used three sets of simula-

 

Table  1. Overview  of  the  PAMIP  simulations  (run  from  1  April  2000  to  31  May  2001).  There  is  no  interactive  ocean  while  the
atmosphere and land components are coupled.

Experiments Different SIC conditions No. of members

piArcSIC a specific 30-year climatological SIC fields from the preindustrial control run* 100
pdSIC present-day SIC fields from the observed 1979–2008 climatology* 200

futArcSIC future SIC fields when global warming is >2°C than the preindustrial mean** 200

*“The preindustrial SIC field and future SIC fields” are derived from 31 CMIP5 models. More details can be found in Haustein et al. (2017) and Smith
et al. (2019).
**“The present-day SST fields” are defined as the observed 1979–2008 climatology (Rayner et al., 2003).
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tions that  have the same radiative forcing (representing the
year 2000) and the same SST fields (i.e., the 1979–2008 cli-
matology  from  the  Hadley  Centre  observational  dataset
(Rayner  et  al.,  2003)).  However,  the  three  sets  are  forced
with  different  SIC,  namely  the  pre-industrial  Arctic  SIC,
present-day  SIC,  and  future  Arctic  SIC,  respectively
(referred  to  as  piArcSIC,  pdSIC,  and  futArcSIC;  see
Table 1).  For the futArcSIC simulations,  the Arctic  SST is
set to future values where the SIC differs by more than 10%
between  the  future  and  preindustrial  SIC  fields  (Screen  et
al.,  2013; Peings  et  al.,  2021).  In  the  following  develop-
ments, the sea ice edge is defined by an SIC of 15%. In all
simulations, the sea-ice thickness is set to two meters in the
Northern Hemisphere and one meter in the Southern Hemi-
sphere in the PAMIP experiments.

The impacts of present-day (future) Arctic sea ice loss
are  represented  as  the  differences  between  the  ensemble-
mean  pdSIC  (futArcSIC)  simulations  and  those  of  piArc-
SIC. We focus on the boreal winter season (December, Jan-
uary, and February). 

3.    Arctic sea ice loss and its impacts in winter

Compared  to  the  pre-industrial  period,  the  present-day
sea ice  edge shows a  clear  poleward retreat  in  autumn and
winter. The poleward retreat from November to the following
February is largest in the Nordic Seas and the Barents-Kara
Seas (Fig. 1a, contours). This change remains a major feature
as the climate warms, with an even further poleward retreating
sea ice edge (Fig. 1b, contours). However, in future winters,
the retreating sea ice edge is mainly located in the Barents-
Kara  Seas  and  other  regions  are  fully  covered  by  sea  ice.
This means that there will still be substantial sea ice growth
in  winter  even if  the  Arctic  is  nearly “ice-free” in  summer
(i.e., when the sea ice extent is less than 1 × 106 km2). As an

example, the present and future sea ice extents in February
are similar throughout most of the Arctic, except for the Bar-
ents Sea. The month with the most dramatic sea ice decline
is  September  which  shows  a  20%–30%  decrease  in  the
region from the Laptev to the Beaufort Seas at present, and
a 60%–80% decrease is  expected with an additional global
warming of 2°C. Note also that the future November sea ice
extent is even less than that of today's September extent.

The atmospheric  response to  present  and future  Arctic
sea  ice  loss  is  diagnosed  as  the  difference  relative  to  the
ensemble mean of piArcSIC. In the sensitivity experiments,
higher  SST  is  imposed  where  sea  ice  is  significantly  lost
(see section 2.3). As a result, there is a local maxima of winter
surface air temperature (SAT) warming in regions with sub-
stantial sea ice reduction. For the present-day climate, warm-
ing  of  more  than  1.0°C  occurs  over  the  pan-Arctic  region
with  a  maximum  of  over  4.0°C  in  the  Barents-Kara  Seas
(Fig. 2a). In the future climate, the pan-Arctic shows warming
of  over  2.0°C  with  a  maximum of  more  than  6.0°C  in  the
Barents-Kara  and  Bering-Chukchi  Seas,  and  HudsonBay
(Fig. 2b). Note that the simulated Arctic warming might be
underestimated in the future since the SST in the futArcSIC
experiment is set to present-day values.

Interestingly,  both  the  ensemble  mean  of  pdSIC  and
futArcSIC show significant and similar cooling responses in
East  Asia  (Figs.  2a, b).  The  tropospheric  air  temperature
response  to  Arctic  sea  ice  loss  shows  a  robust  vertical
anomaly pattern — “warm Arctic,  cold East Asia” — both
in  the  present  (Fig.  3a)  and  future  (Fig.  3b)  climates.  The
near-surface (pressure > 850 hPa) Arctic warming response
to  future  sea  ice  loss  is  much  stronger  (>4.0°C; Fig.  3b,
right panel) than that of the present-day sea ice loss with a
maximum  of  about  1.5°C  (Fig.  3a,  right  panel).  The  East
Asian  cooling  response  to  future  sea  ice  loss  (Fig.  3b,  left
panel) is similar in magnitude compared to the present-day sit-

 

 

Fig.  1. Arctic  sea  ice  loss  as  indicated  by  September  to  the  subsequent  February  anomalies  of  the  Arctic  SIC  for  (a)  the
present-day and (b) future periods, respectively, relative to pre-industrial climatology. The black, red, and orange contours
indicate the location of the mean sea ice edge in the pre-industrial, present-day, and future periods, respectively.

4 ARCTIC SEA ICE LOSS AND ATMOSPHERIC INTERNAL VARIABILITY

 

  



uation  (Fig.  3a,  right  panel),  however,  the  latter  has  a
stronger near-surface signature. This might be due to the lim-
ited remote effect of Arctic near-surface warming (He et al.,
2020), and middle-tropospheric Arctic warming may play a
dominant  role  in  promoting  the  Arctic  influences  on  the
East  Asian  winter  climate  (Xu  et  al.,  2019; Labe  et  al.,

2020).
The similar East Asian cooling response may be due to

the  similar  spatial  distribution  of  Arctic  sea  ice  in  winter
(especially in January and February, see Figs. 1a, b). How-
ever, it should be noted that the magnitude of the East Asian
cooling response (about –0.3°C) is less than 20% of the simu-

 

 

Fig. 2. Response of a “warm Arctic, cold East Asia” to Arctic sea ice loss as indicated by the ensemble response of
winter  surface  air  temperature  (SAT;  shading  in  °C;  note  the  non-linear  temperature  scale)  in  (a)  pdSIC  and
(b) futArcSIC, respectively, both relative to piArcSIC. Panel (c) shows the regression of winter SAT (shading) onto
the  simultaneous  Arctic  sea  ice  extent  index  during  1979–2008  (to  be  consistent  with  the  period  of  present-day
forcing). Stippling indicates that anomalies are significant at the 95% confidence level.
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Fig.  3. Response  of  the  winter  tropospheric  temperature  to  Arctic  sea  ice  loss.  Ensemble
response of winter air temperature (TA; in °C) zonally averaged along 60°–150°E from 20°N
to 50°N and zonally averaged along 0°–360° from 50˚N to the North Pole in (a) pdSIC and
(b) futArcSIC. Stippling indicates an ensemble mean response that is significant at the 95%
confidence level.
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lated Arctic warming and it is only about 30% of its statisti-
cally  estimated  observation-based  counterpart  (Fig.  2c).
This finding is consistent with Blackport and Screen (2021)
who concluded that observed statistical connections may over-
estimate the causal effects of Arctic sea ice changes on mid-
latitude winter climate.

The large difference between the modeled and observa-
tional-based  analysis  has  been  a  major  source  of  current
debates on whether Arctic climate change can physically influ-
ence  the  mid-latitude  winter  climate  (Mori  et al.,  2019;
Cohen et al., 2020; Zappa et al., 2021). The results presented
here  confirm  that  Arctic  sea  ice  loss  has  a  robust—albeit
rather  weak—influence  on  East  Asian  winter  cooling.  The
obtained cooling effect can be easily offset by other factors,
in  which  internal  atmospheric  variation  is  a  key  candidate
(see section 4). As shown in Fig. 4, if 50 ensemble members
are randomly chosen 100 times from the large-ensemble simu-

lations (total of 200 members), the East Asian winter cooling
in  the  50  random  ensemble-mean  realizations  can  range
from –0.41°C to –0.04°C  in  pdSIC  (Fig.  4a),  and  from
–0.28°C to +0.05°C in futArcSIC (Fig. 4b).

Since the only difference in the experimental design of
the ensemble members is perturbations to the atmospheric ini-
tial state, the range of East Asian winter cooling among the
100  different  50  (or  100)-random-member  ensemble  mean
(Fig. 4) can be attributed to atmospheric internal variability.
It is noteworthy that the smaller the number of random mem-
bers, the larger the range of the East Asian winter response,
and the higher the probability that the East Asia region will
show  a  warming  response.  This  problematic  phenomenon
has been pointed out by Peings et al. (2021) that “100-member
ensembles are still significantly influenced by internal vari-
ability, which can mislead conclusions”.

When  the  number  of  random members  is  increased  to

 

 

Fig. 4. Weak impacts of Arctic sea ice loss on warm Arctic–cold East Asia as demonstrated from scatterplots
of  winter  SAT  anomalies  (in  °C;  relative  to  the  ensemble  mean  of  piArcSIC)  between  the  area-averaged
Arctic (north of 65˚N) and the area-averaged East Asian (25°–45°N, 80°–150°E) SAT anomalies among the
100  different  50-random-member  ensemble  mean  for  (a)  pdSIC  and  (b)  futArcSIC.  To  better  reflect  their
differences, the y-axes in (a) and (b) have the same scale. The star indicates the results of all-member-mean.
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100, the East Asian winter temperature shows a robust cooling
response  (i.e.,  no  warming)  to  Arctic  sea  ice  loss  both  for
present-day and future climates (Figs. 4c, d). This indicates
that  ensembles  on  the  order  of  tens  of  realizations,  may
have  contributed  to  divergent  conclusions  in  past  studies.
For example, the ensemble members in many previous studies
range from 20 to 50 (Gao et al., 2015; Ogawa et al., 2018).
On the other hand, even though the atmospheric internal vari-
ability has led to different magnitudes of SAT anomalies, a
significant  negative relationship (correlation of  about –0.4)
is  obtained  between  the  Arctic  and  the  East  Asian  SAT
anomalies (Fig. 4). This indicates that some underlying atmo-
spheric circulation patterns may be actively involved (see sec-
tion 4).

In both pdSIC and futArcSIC, the atmospheric circula-
tion  responses  to  Arctic  sea  ice  loss  are  a  high-pressure
ridge extending from Greenland to Siberia, and low-pressure
anomalies in the North Atlantic and North Pacific (Figs. 5a,
b;  shading).  These  anomalies  resemble  the  negative  phase
of the North Atlantic Oscillation (NAO) and a strengthened
Siberian high. In the mid-troposphere, the 500-hPa geopoten-
tial heights show positive anomalies over the Arctic with neg-
ative  anomalies  in  the  North  Atlantic  and  North  Pacific
(Figs.  5a, b;  contours),  producing  a  response  that  projects
onto a negative phase of the Arctic Oscillation. These large-
scale atmospheric circulation responses have been reported
in previous studies (Liu et al., 2012; Smith et al., 2022). It is
noteworthy that the magnitude of height anomalies in futArc-
SIC (Fig. 5b) is larger than that in the pdSIC (Fig. 5a), imply-
ing a stronger future impact of additional sea ice loss on the

large-scale atmospheric circulation. However, the winter cool-
ing over East Asia in the futArcSIC (Fig. 2b) is weaker than
that in the pdSIC (Fig. 2a). This weakened cooling response
may  be  attributed  to  the  stronger  Arctic  warming  in  the
futArcSIC (Fig. 2b) which may lead to weaker cold advection
to East Asia even though there are stronger circulation anoma-
lies.

However,  it  should  be  emphasized  that  the  simulated
atmospheric  response  is  not  fully  consistent  with  the
observed  patterns.  First,  the  observed  Siberian  high
anomaly is stronger and with a larger spatial extent (Fig. 5c,
shading). Secondly, the major center of the observed positive
anomaly of 500-hPa geopotential height is located over the
Ural  region,  and  the  negative  anomalies  in  the  North
Atlantic  and  the  North  Pacific  extend  deeper  into  the
Eurasian continent (Fig. 5c, contours), indicating a more inten-
sified Ural  blocking,  Siberian high,  and East  Asian trough.
As a result, the observation-based analysis shows a stronger
cooling  anomaly  (about –0.8°C)  in  East  Asia  (Fig.  2c).  At
the same time, there is  significant  warming centered in the
Barents-Kara  Seas  region  with  a  magnitude  of  about  four
times that of the East Asian cooling. The dominant differences
between the simulated and observed large-scale atmospheric
circulation anomalies (Fig. 5) imply that there may be some
other  factors  contributing  to  a “warm  Arctic,  cold  East
Asia”,  for  instance,  atmospheric  internal  variability.  In  the
absence of known fingerprint patterns (Hasselmann, 1997),
the relative contributions of the two are, in general, impossible
to identify utilizing observational analysis.  Large-ensemble
simulations  can  address  this  challenge,  which  will  be  dis-

 

 

Fig.  5. Response  of  a  negative  Arctic  Oscillation  to  Arctic  sea  ice  loss  as  indicated  by  the  ensemble  response  of
winter sea level pressure (SLP, shading, units: hPa) and 500-hPa geopotential height (H500, contours, units: gpm) in
(a) pdSIC and (b) futArcSIC. Panel (c) shows the regression of SLP (shading) and H500 (contours), respectively, in
winter  onto  the  simultaneous  Arctic  sea  ice  extent  index  during  1979–2008  (to  be  consistent  with  the  period  of
present-day forcing).  Stippling indicates where the anomaly is significant at  the 95% confidence level.  The contour
interval is 10 gpm.
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cussed in the next section. 

4.    Relative contribution of Arctic sea ice loss
and atmospheric internal variability

From  winter  SAT  reanalysis,  the  northern  hemisphere
shows the largest interannual variations at mid and high lati-
tudes,  in  particular  in  the  region  extending  from  northern
Europe to Siberia, over northern North America, and where
the sea ice edge fluctuates, i.e., the Barents-Kara and Beau-
fort-Bering  Seas  (Fig.  6a).  These  variations  are  mainly
caused  by  internal  climate  variations  arising  from  atmo-
spheric,  oceanic,  land,  and  cryospheric  processes  and  their
coupled interactions (Kay et al., 2015).

Based on the above considerations, the standard devia-
tion (STD) of  the large-ensemble members  can be viewed,
at least in part, as a measure of atmospheric internal variations
because  the  only  difference  in  experiment  design  among
these members is a small atmospheric initial condition. The
spatial distribution of the STD of winter SAT in both pdSIC
(Fig. 6b) and futArcSIC (Fig. 6c) shows an overall correspon-
dence to its observational-based counterpart (Fig. 6a). Further-
more, the magnitude of the simulated STD over the continents
is close to that of the reanalysis. In contrast, the STD of the
simulated winter SAT over the Arctic Ocean is, in general,
well below that in the reanalysis. For example, in the Barents
Sea,  the  simulated  STD  is  less  than  30%  of  the
observational-based value. This indicates that the effects of
atmospheric  internal  variability  at  the  mid-latitudes  are
stronger than that in the Arctic; further noting that the atmo-
spheric internal variability at mid-latitudes does not signifi-
cantly differ between pdSIC and futArcSIC.

To  identify  the  pattern  and  magnitude  of  the  relative
effect of sea ice loss and atmospheric internal variability in
futArcSIC, the following approach has been adopted.

The contribution from future Arctic sea ice loss is esti-
mated  as  the  difference  between  the  ensemble-mean  fields
(e.g., SAT, SLP, Z500) of futArcSIC and piArcSIC (the for-
mer minus the latter). In reference to Fig. 2b, for every grid
point, the SAT anomaly can be referred to as ΔSAT. The con-
tribution of atmospheric internal variability in futArcSIC is
estimated as the STD of the 200 ensemble members of futArc-
SIC  (Fig.  6c).  The  SAT  anomaly  induced  by  atmospheric
internal variability is referred to as STDSAT.

Ideally, the total variance of the simulated winter SAT,
which is induced by both Arctic sea ice loss and atmospheric
internal  variability,  can  then  be  estimated  as  the  sum  of
STDSAT and  ΔSAT when  ΔSAT is  positive,  or  the  sum of
–STDSAT and ΔSAT when ΔSAT is negative. Note that, the
sign of ΔSAT is considered to take into account the sign of
the “warm Arctic, cold East Asia” pattern (see Figs. 2a, b).

Correspondingly, the relative contribution of future Arc-
tic sea ice loss (units: %) is then given by the ratio between
the sea ice-induced winter SAT and the total variance of simu-
lated winter SAT: 

∆SAT/(∆SAT+ sign(∆SAT)×STDSAT)×100 ,

where sign(ΔSAT) is the sign of ΔSAT. The resulting field
is shown in Fig. 7b. The residual can be attributed to the atmo-
spheric  internal  variability.  Applying  the  above  procedure
to the pdArcSIC,  we can estimate  the  relative  (percentage)
contribution of  present-day Arctic  sea ice loss as shown in
Fig. 7a.

The Arctic sea ice loss has the largest impact on the win-
ter SAT variations in the regions of the Barents-Kara Seas,
Sea of Okhotsk, Hudson Bay, the Bering-Chukchi Seas, and
the Labrador Sea, with the maximum contribution exceeding
50%  for  pdSIC  (Fig.  7a)  and  over  70%  for  futArcSIC
(Fig. 7b). Meanwhile, the Arctic sea ice loss may have a cool-

 

 

Fig. 6. Atmospheric internal variability of winter SAT as evidenced by (a) the standard deviation (STD, units: °C) of
winter  SAT during 1979–2008 (to  be consistent  with  the  period of  present-day forcing)  in  the  ERA5; and (b)  and
(c) which show the STD of winter SAT among 200 individual members of pdSIC and futArcSIC, respectively.
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ing effect on the winter SAT in East Asia (Figs.  2a, b) but
the contribution is less than 30% of the statistical estimation
based on the observed Arctic sea ice loss (i.e., Fig. 2c). This
quantitative  estimation,  obtained  here  from  atmosphere-
only simulations, is similar to that from coupled case-study
simulations of the 2007 sea ice loss in Orsolini et al. (2012),
who  found  the  largest  sea  ice-induced  surface  temperature
impact to be located over the Arctic and, to a lesser extent,
along the Pacific coast of Asia. Furthermore, there are only
small  differences  between  the  present-day  and  future  SAT
response over East Asia (Fig. 7). In other words, the contribu-

tion of atmospheric internal variability to Arctic SAT variabil-
ity is less than 50% in the present climate and will decrease
as the Arctic sea ice continues to shrink in the future (due to
more open water in winter). In contrast, about 60% of the vari-
ance  of  winter  SAT in  East  Asia  is  robustly  dominated  by
atmospheric internal variability.

To check whether specific atmospheric circulation pat-
terns are involved in the case of anomalously positive Arctic
SAT anomalies, we choose some special ensemble members
from  the  pdSIC  (futArcSIC)  experiments;  in  these  mem-
bers,  the  Arctic  area-averaged  SAT  is  higher  by  one  STD

 

 

Fig. 7. Contribution of Arctic sea ice loss to winter SAT variance in (a) pdSIC and (b) futArcSIC. Stippling indicates
where  the  contribution  is  significant  at  the  95%  confidence  level.  The  text “warming  contribution” and “cooling
contribution” refers to the large-scale positive and negative SAT anomalies shown in Figs. 2a and 2b.
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Fig. 8. Atmospheric internal variability evidenced by Arctic area-averaged winter SAT (65°–90°N, 0°–360°) of all members
in  (a)  pdSIC  and  (b)  futArcSIC.  The  red  dots  indicate  the  special  members  whose  temperatures  are  higher  than  the  all-
ensemble  mean  (the  red  dashed  lines)  by  one  STD;  the  blue  dashed  lines  show the  ensemble  mean  of  piArcSIC;  and  the
green dashed lines show the ensemble mean of these special warm (red-colored) members. Panels (c) and (d) are the same as
in (a) and (b), but for the East Asian area-averaged winter SAT.
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compared  to  the  200-member  ensemble  mean  of  pdSIC
(futArcSIC).  As shown in Figs.  8a, d,  This  criterion yields
29 and 31 members  in  pdSIC and futArcSIC,  respectively.
The Arctic area-averaged winter SAT in the ensemble mean
of these 29 (31) members is about 1.1°C higher than the 200-
member ensemble mean of pdSIC (futArcSIC) which, at the
same time, is about 1.6°C (4.4°C) above the ensemble mean
of  piArcSIC.  Quantitatively,  ignoring  the  effects  of  other
external forcing and other boundary forcing, the present-day
Arctic sea ice loss may have contributed to about 60% (i.e.,
1.6/(1.1 + 1.6), see Fig. 8a) of the winter Arctic near-surface
warming, increasing to about 80% [i.e., 4.4/(4.4 + 1.4), see
Fig. 8b) in a future climate (also see Fig. 7 and Eq. (1)].

The  pattern  and  magnitude  of  the  difference  between
the members with the warmest Arctic in pdSIC (or futArc-
SIC)  and the  ensemble  mean of  the  full  set  of  members  in
pdSIC  (or  futArcSIC)  are  displayed  in Fig.  9,  resembling
the  so-called “warm  Arctic–cold  East  Asia” pattern  (Kug
et al., 2015). The positive SAT anomalies in the Arctic and
the negative anomalies further south are comparable in magni-
tude (i.e., the negative and positive SAT anomalies in Fig. 9
have  similar  scale),  and  they  are  consistent  with  an  atmo-
spheric dynamic effect (Luo et al., 2016) (see their Fig. 8a).
The negative SAT anomalies caused by the atmospheric inter-
nal  variability  can  exceed –1.0°C  (Fig.  9).  This  cooling
effect is about three times larger than that induced by Arctic
sea ice loss (Figs. 2a, b), confirming a strong impact of atmo-

spheric  internal  variability  on  mid-latitude  winter  SAT.
Note  that  the  opposite  effect  (i.e.,  warming  effect)  on  the
East Asian winter SAT may also be induced by atmospheric
internal  variability.  This  implies  that  East  Asian  cooling
caused by Arctic sea ice loss can be overwhelmed by internal
atmospheric  variations.  In  contrast,  the  Arctic  warming
caused  by  sea  ice  loss  may  not  be  overwhelmed  by  atmo-
spheric  internal  variability,  especially  when  the  Arctic  sea
ice has decreased more dramatically. For example, the inter-
nally-induced Arctic winter SAT anomalies in the futArcSIC
simulations  are  about  1.5°C  to  2.0°C  (Fig.  9b),  which  are
smaller than those induced by the future Arctic sea ice loss
of about 4.0 to 6.0°C (Fig. 2b).

The large-scale atmospheric circulation (Fig. 10) associ-
ated  with  the  internally-induced “warm  Arctic–cold  East
Asia” pattern (Fig. 9) is different from the ice-induced pattern
(Figs. 4a, b). The former is characterized by a high-pressure
ridge  extending  from  the  Ural  mountains  and  eastward  in
Siberia,  with regions of anomalous low pressure located in
the North Atlantic and North Pacific Oceans (Fig. 10, shad-
ing). The corresponding 500-hPa geopotential height anoma-
lies  indicate  an  intensified  Ural  blocking  and  a  deepened
East Asian trough (Fig. 10, contours). The spatial distribution
resembles  the  observational  counterpart  that  is  linearly
regressed  onto  the  winter  Arctic  sea  ice  extent  (Fig.  5c).
Thus, the observed, statistical relationship between the Arctic
sea  ice  and  the  mid-latitude  winter  climate  mainly  reflects

 

 

Fig.  9. Impacts of atmospheric internal  variability on warm Arctic–cold East  Asia as evidenced by the winter  SAT
anomalies  (shading,  units:  °C)  of  special  members  with  extreme  Arctic  warming  (shown  by  red  dots  in  Fig.  8)  in
(a) pdSIC and (b) futArcSIC. Anomalies are the differences between the ensemble mean of these warm members in
pdSIC (futArcSIC) and the full 200-member ensemble mean of the pdSIC (futArcSIC. Stippling indicates anomalies
significant at the 95% confidence level.
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atmospheric dynamics. This is consistent with the results of
Blackport and Screen (2021).

By combining the effects of Arctic sea ice loss and the
atmospheric internal variability as displayed in Fig. 11, the
atmospheric circulation response consists of a distorted anticy-
clonic anomaly at high latitudes and a cyclonic anomaly at
lower  latitudes  extending  across  the  North  Pacific  to  East
Asia,  especially at  500 hPa, displaying a negative phase of
AO  with  intensified  Ural  blocking  (Figs.  11c, d).  The
“warm Arctic–cold East Asia” pattern in the simulations is
more  consistent  with  the  observed  characteristics  (Fig.  5c)
— the magnitude of  Arctic  warming is  much larger (about
four  times)  than  that  of  the  East  Asian  cooling  (Figs.  11a,
b).  This  strongly  indicates  that  the  observed “warm
Arctic–cold East Asia” pattern is a result of both Arctic sea
ice  loss  and atmospheric  internal  variability,  where  sea  ice
loss is the dominant factor for the Arctic warming while atmo-
spheric  internal  variability  is  the  dominant  factor  for  the
East Asian cooling.
 

5.    Conclusions

Arctic sea ice is a key factor in causing the Arctic near-
surface warming. In the atmosphere, there is an intrinsic co-
variability  between the  Arctic  and East  Asian  winter  SAT.
Therefore, based on the observational datasets, the scientific
community  has  found  many  significant  relationships
between  the  Arctic  sea  ice,  Arctic  warming,  the  Siberian

high,  and  East  Asian  cooling.  Due  to  the  close  interaction
and feedback within the climate system, it has been challeng-
ing to robustly quantify the causal or driving effects of Arctic
sea  ice  from  only  about  40  years  of  sea  ice  observations.
Especially,  when the fast-changing and chaotic atmosphere
introduces  additional  difficulty  in  identifying  any  signal
against naturally occurring variations. To quantitatively esti-
mate  the  relative  impacts  of  Arctic  sea  ice  loss  and  atmo-
spheric  internal  variability  on winter  SAT variations in the
Arctic and in East Asia, this study uses three sets of large-
ensemble  simulations  by  the  NorESM2-LM  following  the
PAMIP protocol (Smith et al., 2019). These simulations are
specifically  designed to  assess  the  effects  of  Arctic  sea  ice
loss and internal variability.

The  geographic  regions  of  strong  Arctic  warming  are
closely related to the retreat of sea ice. The simulated Arctic
warming is much larger than the magnitude of the East Asia
cooling response, and the latter is about 30% of the observa-
tion-based, statistical estimate (Figs. 2a and 2b vs. 2c). Arctic
sea ice loss can robustly force a negative phase of the Arctic
Oscillation with a zonally symmetric structure, accompanied
by an intensified Siberian high (Figs. 5a, b). This finding is
in line with previous modeling studies (Liu et al., 2012) (see
their Fig.  4c).  The simulated atmospheric pattern has some
resemblance  to  the  observed  pattern  associated  with  the
observed Arctic winter sea ice loss, for instance, the intensi-
fied Siberia high (Fig. 5c). On the other hand, the observa-
tional counterpart does not have a zonally symmetric structure

 

 

Fig. 10. Atmospheric circulation related to the internally-induced Arctic warming is displayed as in Fig. 9 but applied
to  the  variables  SLP  (shading,  units:  hPa)  and  H500  (contours;  interval  is  10  gpm).  Stippling  indicates  that  the
anomalies are significant at the 95% confidence level.
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(a) pd SIC (29 cases)

 

Fig. 11. The joint impact of Arctic sea ice loss and atmospheric internal variability as demonstrated by anomalies of
(a, b) SAT, and (c, d) SLP (shading) and H500 (contours; interval of 10 gpm) between the ensemble mean of special
members with extreme Arctic warming (red dots in Fig. 8) in pdSIC (or futArcSIC) and the ensemble mean of all
members in piArcSIC. Stippling indicates the anomalies significant at the 95% confidence level.
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and  has  stronger  Ural  blocking.  This  suggests  that  the
observed “warm  Arctic,  cold  East  Asia” pattern  (Fig.  2c)
may be induced by a combination of Arctic sea ice loss and
internal factors.

The  standard  deviation  of  the  200 ensemble  members,
which can be interpreted as a measure of atmospheric internal
variability, shows a similar spatial distribution as the observa-
tion-based  counterpart  (Fig.  6).  The  contribution  of  atmo-
spheric internal variability is smaller in the Arctic where sea
ice loss is the dominant factor with maximum contributions
of ~60% in pdSIC and ~80% in futArcSIC (Figs. 7, 8). Addi-
tionally, the Arctic sea ice loss tends to lower the East Asia
winter  SAT  (Figs.  2a, b),  but  the  contribution  is  less  than
30% of  the  observed  magnitude  which  is  estimated  by  the
regression  onto  the  observed  Arctic  sea  ice  reduction
(Fig. 2c).

When  there  are  no  forcing  effects  of  sea  ice  loss  and
other  external  forcings  (i.e.,  the  ensemble  mean  was
removed  from  each  individual  ensemble  member),  Arctic
warming and East Asian cooling can be comparable in magni-
tude (Fig.  9).  The effect  of  atmospheric  internal  variability
on Arctic warming may weaken with continued sea ice loss.
Such a  pattern  of “warm Arctic,  cold  East  Asia” is  caused
by atmospheric circulation patterns which show (i) a negative
phase  of  North  Atlantic  oscillation,  (ii)  an  intensified  Ural
blocking, (iii) a strengthened Siberian high, and (iv) a deep-
ened  East  Asian  trough  (Fig.  10).  In  summary,  the  Arctic
sea ice loss can reinforce the “warm Arctic, cold East Asia”
pattern induced by the atmospheric internal variability, and
vice versa (Figs. 11a, b). If out of phase, atmospheric internal
variability can easily mask out or even reverse ice-induced
East Asian cooling effects since the magnitude of the inter-
nally-induced  SAT  variability  is  more  than  three  times  as
large as the ice-induced variability over East Asia. It indicates
that  the  observed “warm  Arctic,  cold  East  Asia” pattern
may be a combined effect  of  Arctic sea ice loss and atmo-
spheric internal variability: the former dominating the Arctic
warming  with  the  latter  dominating  the  East  Asian  winter
cooling.

Indeed,  there  are  some  caveats  to  the  conclusions  of
this study. The simulations used in this study are lacking the
oceanic dynamics and an interactive stratosphere component
which play crucial  roles in the observed climate variability
(Marshall and Schott, 1999), and all forcing beyond sea ice
is  held  at  2000  levels.  The  above  conclusions  can  only  be
linked to specific observed phenomena where Arctic sea ice
loss is the dominant factor over other means of internal cli-
mate  variability  such  as  El  Niño-Southern  Oscillation
(ENSO)  and  ocean  temperatures  in  the  Gulf  Stream,  etc.
ENSO can significantly influence winter air temperature vari-
ability in East Asia by modulating the strength and duration
of the Ural blocking episodes (Luo et al., 2021) or modulating
the  intensity  of  the  East  Asian  winter  monsoon  (He  and
Wang,  2013; He  et al.,  2013). Sato  et al. (2014)  revealed
that a poleward shift of a sea surface temperature front over
the  Gulf  Stream  likely  induces  a  simultaneous  sea-ice
decline over the Barents Sea sector and a cold anomaly over

Eurasia. Thus, the absence of dynamic and thermodynamic
ocean component prevents this study from fully explaining
the observed winter cooling over the Eurasian continent. Addi-
tionally, this study is based on monthly mean values. Further
analysis on daily timescales may give more insight into the
causality between Arctic sea ice loss and cold winter tempera-
tures in the Eurasian continent. Nevertheless, this study has
provided us with an idealistic framework where the climatic
impact  of  Arctic  sea  ice,  if  it  does  exist,  can  be  verified
against the chaotic variability which is a major feature of cli-
mate  in  the  real  world.  This  study may give  some insights
into  understanding  future  climate  anomaly  that  is  distin-
guished from the present day.
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