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ABSTRACT

Recent  research  has  shown  that  snow  cover  induces  extreme  wintertime  cooling  and  has  detrimental  impacts.
Although the dramatic loss of Arctic sea ice certainly has contributed to a more extreme climate, the mechanism connecting
sea-ice  loss  to  extensive  snow  cover  is  still  up  for  debate.  In  this  study,  a  significant  relationship  between  sea  ice
concentration  (SIC)  in  the  Barents-Kara  (B-K)  seas  in  November  and  snow  cover  extent  over  Eurasia  in  winter
(November–January) has been found based in observational datasets and through numerical experiments. The reduction in
B-K sea ice gives rise to a negative phase of Arctic Oscillation (AO), a deepened East Asia trough, and a shallow trough
over  Europe.  These  circulation  anomalies  lead  to  colder-than-normal  Eurasian  mid-latitude  temperatures,  providing
favorable  conditions  for  snowfall.  In  addition,  two  prominent  cyclonic  anomalies  near  Europe  and  Lake  Baikal  affect
moisture  transport  and  its  divergence,  which  results  in  increased  precipitation  due  to  moisture  advection  and  wind
convergence.  Furthermore,  anomalous E-P flux shows that  amplified upward propagating waves associated with  the  low
SIC could contribute to the weakening of the polar vortex and southward breakouts of cold air. This work may be helpful
for further understanding and predicting the snowfall conditions in the middle latitudes.
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Article Highlights:

•  Declines in November sea ice in the Barents-Kara seas are vital for variations in the snow cover extent over Eurasia in
winter.

•  Anomalous tropospheric and stratospheric circulations,  as well  as moisture flow and convergence, substantially impact
the snow cover across Eurasia.

 

 
 

 1.    Introduction

Snowfall  can  modulate  the  physical  properties  of  the
Earth's  surface  by  changing  the  albedo  over  a  short  time,
which is well-known as a climate change indicator (King et
al., 2008). Snowfall accumulates to form snow cover, which
can influence other components of the earth system at various
scales  (Frei  et  al.,  2012).  According to  Yang et  al.  (2019),
changes in snow cover can affect climate anomalies by redis-

tributing the land surface energy balance, further altering air
circulation  and  climatic  anomalies  at  regional  to  global
scales.  For  example,  anomalous  autumn  Eurasian  snow
cover  triggers  fluctuations  in  the  Arctic  Oscillation  (AO)
(Gong  et  al.,  2003; Smith  et  al.,  2011; Gastineau  et  al.,
2017). Moreover, snow cover can influence surface air tem-
perature anomalies (Han and Sun, 2018), the East Asian win-
ter  monsoon  (Luo  and  Wang,  2019),  and  it  is  connected
with  diverse  interannual  variations  regarding  the  winter
Siberian high (Sun et al., 2021). Additionally, snow cover is
also a critical component of the hydrological system, acting
as a reservoir to slow the penetration rate of water into the
soil, regulate river discharge (You et al., 2020), and influence
the  hydrologic  cycle  (Qin  et  al.,  2014).  Also,  changes  in
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snow  cover  caused  by  long-term  snow  accumulation  can
affect  ecosystems.  Intraseasonal  and  interannual  variations
in snow cover substantially affect human activities (Jaagus,
1997). Consequently, it is crucial to investigate snow cover,
particularly its variability.

The impact of sea ice on snow cover has become increas-
ingly significant in previous studies. Sea ice is the primary
arbiter  of  energy  exchange  between  the  Arctic  atmosphere
and the ocean (Francis et al., 2009) and can potentially be a
key  driver  in  the  global  climate  system  (McBean  et  al.,
2005; Liu  and  Alexander,  2007).  Sea  ice  loss  can  weaken
the near-surface meridional temperature gradient (Cohen et
al., 2014), moisten the planetary boundary layer (Liu et al.,
2012; Kim et al., 2014), and decrease the near-surface static
stability (Jaiser et al., 2012). A growing body of observational
data,  modeling  efforts,  and  theoretical  evidence  demon-
strates that amplified Arctic warming and sea-ice loss have
had  a  significant  impact  on  the  extensive  snow  cover  and
severe winters in Eurasian midlatitudes (Curry et al., 1995;
Honda et al., 2009; Wang and Chen, 2010; Liu et al., 2012;
Cohen et al., 2013, 2014; Zhang et al., 2019), and it is often
accompanied by a negative phase of the AO/North Atlantic
Oscillation  (NAO)  (Ogi  et  al.,  2003; Cohen  et  al.,  2013;
Kim et al., 2014; Santolaria-Otín et al., 2020). Arctic sea ice
loss  can  affect  tropospheric  circulations  and  systems,  such
as the jet stream (Rex, 1950; Cohen et al., 2013, 2014; Kidston
et  al.,  2015),  the  development  of  the  Eurasian  troughs
(Honda et  al.,  2009; Cohen et  al.,  2014),  the  Siberian high
(Inoue  et  al.,  2012; Handorf  et  al.,  2015),  the  East  Asia
trough (Gong et al., 2001; Xu et al., 2021), and the anomalous
ridge  over  the  Ural  Mountains  (Zhang  et  al.,  2018, 2019).
All of the above factors favor cold continental temperatures
and heavy snowfall over Eurasia. In addition to the impacts
on winter climate over Eurasia, several studies also have indi-
cated that Arctic sea ice anomalies can significantly impact
the Eurasian climate in boreal spring (Chen and Wu, 2018;
Chen et  al.,  2019; Zhang et  al.,  2019).  Furthermore, Arctic
sea ice anomalies are suggested to have a notable impact on
the ENSO, the dominant air-sea coupling system in the tropics
(Chen et al., 2020). Additionally, winter Arctic sea ice anoma-
lies can generate an immediate, local, and direct atmospheric
response triggered by a local enhancement of turbulent heat
fluxes over the Arctic, which can alter the baroclinicity and
force upward propagating waves into the stratosphere (Kim
et  al.,  2014; Sun  et  al.,  2015; Nakamura  et  al.,  2016; Wu
and Smith, 2016; Zhang et al., 2018). This interaction can ulti-
mately  change  the  geopotential  height  over  the  Arctic,
reduce the westerly jet  in  the stratosphere,  and weaken the
polar vortex (Kim et al., 2014; Zhang et al., 2018). The strato-
spheric circulation responses are likely to persist for a couple
of  months,  accompanied  by  the  downward  migration  back
to the troposphere and the surface (Sun et al., 2015; Nakamura
et  al.,  2016).  Thus,  it  is  crucial  to  analyze  the  contribution
of the declining sea ice to the interaction between the tropo-
sphere and stratosphere and the resulting climate anomalies
over the Eurasian midlatitudes. Even though several investiga-

tions  have  explored  the  effects  of  Arctic  sea  ice  on  snow
cover  over  Eurasia  from  a  general  circulation  perspective,
most  of  these  studies  have  not  addressed  the  water  vapor
transport component in great depth. This study investigates
the relationship between Arctic sea ice and snow cover over
Eurasia, discusses the mechanisms that alter the atmospheric
circulation from the perspective of interactions between the
troposphere  and  the  stratosphere,  and  also  considers  varia-
tions in water vapor transport.

The remainder of this paper is organized as follows. Sec-
tion 2 describes the data methodology, section 3 present the
results, and section 4 provides a conclusion and final discus-
sions.

 2.    Methodology

Monthly  SIC  and  sea  surface  temperature  (SST)  are
derived from the Hadley Centre Sea Ice and Sea Surface Tem-
perature  (HadISST)  data  set  (Rayner  et  al.,  2003)  from
1979–2021. The monthly snow cover extent data is collected
from  the  Northern  Hemisphere  Equal-Area  Scalable  Earth
Grid 2.0 snow cover data set from Rutgers University (Robin-
son et al., 2012), representing the percentage of snow-covered
days  in  a  given  month.  Combined  with  the  previous  study
(Robinson  and  Frei,  2000)  and  the  snow  cover  extent
anomaly and its variance (figures not shown), the snow accu-
mulation season begins in October and November, whereas
spring  ablation  typically  occurs  in  March.  Accordingly,
snow  cover  from  November  to  January  of  the  following
year  is  chosen  as  winter  snow cover  for  the  study,  and  an
empirical  orthogonal  function  (EOF)  analysis  is  conducted
to identify the major modes of the Eurasian snow cover. We
also use globally monthly atmospheric reanalysis data from
the National Centers for Environmental Prediction–National
Center  for  Atmospheric  Research reanalysis  dataset,  which
includes  the  specific  humidity,  horizontal  winds,  sea  level
pressure  (SLP),  geopotential  height,  and  air  temperature,
with a horizontal resolution of 2.5° × 2.5° and 17 vertical pres-
sure levels (Kalnay et al., 1996). The observational analysis
is  executed  after  removing  the  linear  trends,  and  a  two-
tailed Student’s t-test is used to determine the statistical signif-
icance.

Version  5  of  the  National  Center  for  Atmospheric
Research  Community  Atmospheric  Model  (CAM5.0),
which has a finite-volume dynamical core, is used to conduct
the simulations. The simulations presented in this paper are
performed  at  a  horizontal  resolution  of  1.9°  ×  2.5°  (lat.  ×
long.). There are 30 uneven levels in the vertical direction.

To diagnose the moisture transport, we calculate the verti-
cally integrated moisture flux. It can be expressed as: 

Q=
1
g

∫ pt

ps
(qV)dp . (1)

The divergence of water vapor flux can be divided into
two parts (Huang et al., 1998): the moisture advection term
and the wind divergence term: 
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∇ ·Q = 1
g

∫ pt

ps

∇ · (Vq)dp

=
1
g

∫ pt

ps

V · ∇qdp+
1
g

∫ pt

ps

q · (∇ ·V)dp , (2)

where V is the horizontal wind vector, q is the specific humid-
ity, and pt and ps are defined as 300 hPa and the surface pres-
sure, respectively. The first term on the right side indicates
the moisture advection. When the wind blows from an area
of  high  specific  humidity  area  to  a  low  specific  humidity
area,  the  moisture  advection  is  negative  and  represents  the
wet advection. The second term on the right is the wind diver-
gence  term,  which  corresponds  to  divergence  in  the  water
vapor transport field.

To assess the influence of wave activity on the polar vor-
tex and the jet, the quasi-geostrophic version of the E-P flux
and  its  divergence  is  calculated  as  follows  (Edmon  et  al.,
1980): 

F = (F(y),F(p)) =
acosϕu′v′, f acosϕ

v′θ′

θp

 , (3)
 

∇ ·F = ∂F (y)
∂y
+
∂F (x)
∂x

, (4)

ϕwhere  is latitude, p is pressure, θ is potential temperature,
a is the Earth’s radius, f is the Coriolis parameter, bars and
primes denote zonal means and deviations, and (u, v) is the
horizontal velocity.

 3.    Results

 3.1.    The  leading  mode  of  snow  cover  over  Eurasia  in
winter

EOF  analysis  is  applied  to  the  winter  averaged  snow
cover  to  detect  the leading mode of  snow cover  in  Eurasia
(20°–80°N,  0°–180°E).  The  first  EOF  mode  (EOF1)
explains  about  16.8%  of  the  total  variance,  approximately
depicted  as  a  west-middle-east  tri-pole  pattern  (Fig.  1a),
which  exhibits  a  pronounced  anomaly  over  the  entirety  of
Europe  and  East  Asia.  The  second  EOF  mode  (EOF2)
accounts for approximately 11.1% of the variance and is char-
acterized by a “west-east” pattern (Fig. 1b). Both the first prin-

 

 

Fig. 1. (a and b) Spatial pattern and (c) corresponding principal component (blue: PC1, red: PC2) of
the  first  and  second  EOF  modes  of  normalized  winter  mean  snow  cover  extent  in  Eurasia  in
1979–2021. Values significant at the 90% confidence level are dotted.
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cipal component (PC1) and the second principal component
(PC2)  series  show  remarkable  interannual  fluctuations
(Fig. 1c). According to North et al. (1982), the first mode is
independent and can be distinguished from others. Thus, we
select  EOF1  to  study  the  interannual  variation  of  winter
snow cover. To investigate its possible relationship with Arc-
tic sea ice, the correlation between the September-November
Arctic  SIC  and  the  PC1  is  analyzed  (Figs.  2a–c).  Winter
snow cover is negatively correlated with the September SIC,
which  is  widely  scattered  across  the  Pacific  Ocean  region
(Fig. 2a). Snow cover is negatively correlated with the Octo-
ber SIC, which is confined to a quite small region over the
B-K seas and not significant (Fig. 2b). However, the correla-
tion is significant and negative over the B-K seas in November
(Fig.  2c),  which  is  very  similar  to  the  November  sea  ice
over the B-K seas having the greatest influence on the middle
latitudes  (Koenigk  et  al.,  2016).  The  relationship  between
snow  cover  and  the  SIC  in  December  and  January  is  also
checked,  but  its  signal  is  not  as  obvious  as  in  November
(Fig.  S1  in  the  Electronic  Supplementary  Material,  ESM).
Therefore,  we  select  the  area  bounded  by  40°–100°E  and
67°–84°N as the key region to calculate the regionally aver-
aged November SIC and define its normalization as the B-K
sea ice index (SICI).

Subsequent  calculations  take  a  negative  sign  for  SICI
(Fig. 2d). The correlation coefficient between the November
Arctic SICI and the PC1 of winter snow cover is about 0.3,
which is significant at the 90% confidence level. Figure 2e
depicts the regression of snow cover to SICI, which closely
resembles the EOF1 (Fig. 1a), illustrating that the November
SIC over B-K seas correlates considerably well with the win-
ter snow cover. A significant correlation also exists over the
East Siberian Sea (ES sea). We select a key region bounded
by 130°–160°E and 72°–77°N to define the ES sea ice index
(ESICI),  and  the  snow  cover  has  been  regressed  to  the

ESICI (Fig. S2 in the ESM). The distribution of the significant
snow cover is scattered in Fig. S2 and cannot be depicted by
a  west-middle-east  triple  pattern  (Figs.  1a and 2e).  From
this,  we conclude  that  sea-ice  variability  in  the  B-K sea  in
November is relative to the EOF1, which implies more exten-
sive snow cover across Europe, Central Asia, and East Asia.

 3.2.    Possible physical mechanisms for influencing of B-
K SIC on snow cover

To  clarify  a  possible  physical  mechanism  explaining
the impact of sea ice on Eurasian snow cover, we use regres-
sion plots (Fig. 3) to analyze changes in atmospheric circula-
tion.  The  resulting  SLP  pattern  (Fig.  3a)  appears  zonally
symmetric and resembles the typical pattern of the negative
AO, which promotes Arctic cold air outbreaks in the middle
latitudes (Cohen et al., 2007). While the Siberian high experi-
ences  no  obvious  change  compared  with  its  climatology,
which  differs  from  some  previous  studies  (Zhang  et  al.,
2019). This may be because the connection between the Arctic
SIC and the intensity of the Siberian high is unstable. Based
on Chen et al. (2021), the connection of the Arctic SIC anoma-
lies with the winter Siberian high intensity has undergone a
pronounced  interdecadal  change  around  the  late-1990s.
They pointed out that the SIC of the B-K seas had a significant
negative correlation with the intensity of the following win-
ter’s Siberian high before the 1990s. However, the correlation
after the mid-to-late-1990s decreased sharply and became sta-
tistically insignificant. Additionally, changes in the Aleutian
low related  to  SIC  were  also  insignificant.  Based  on  Chen
and Kang (2006), abnormal planetary wave activity is a con-
tributing  factor  in  regulating  the  intensity  of  the  Siberian
high  and  Aleutian  low.  To  verify  the  changes  of  the
Siberian High and Aleutian Low, we calculate wavenumber
2  for  the  SLP.  The  regression  field  shows  that  neither  the
Siberian High nor the Aleutian Low has changed significantly

 

 

Fig.  2. Correlation  maps  of  (a)  September,  (b)  October,  and  (c)  November  Arctic  SIC  with  PC1  of  snow  cover,
respectively.  The  rectangle  in  (c)  indicates  the  Barents-Kara  Seas  (40°–100°E,  67°–84°N)  used  to  define  the  SICI
index.  (d)  The  series  of  SICI  and  PC1.  (e)  Linear  regression  of  NDJ-mean  snow  cover  anomalies  onto  the  SICI.
Values significant at the 90% confidence level are dotted.
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(Fig.  3b),  which is  consistent  with Fig.  3a.  In addition,  the
winter geopotential height at 500 hPa (Fig. 3c) and 300 hPa
(Fig.  3d)  illustrates  that,  due  to  the  declining  sea  ice,  the
East Asian trough and the shallow trough over Europe intensi-
fied, strengthening the cold air outbreak events and decreas-
ing the temperature over Eurasia (Fig. 3e). This is consistent
with previous studies showing that a negative AO is favorable
for a deepened East Asia trough (Gong et al., 2001).

Abundant water vapor transport is also a necessary condi-
tion  for  snowfall;  hence,  changes  in  water  vapor  transport
and  its  corresponding  circulation  are  examined  at  700  hPa
where  water  vapor  tends  to  be  concentrated  (Fig.  4).  Two
anomalous  cyclones  are  located  near  Europe  and  Lake
Baikal, influencing the moisture budget, which is quite com-
patible with the vertically integrated moisture flux according
to Eq. (1), as shown in Fig. 5a. The relative contribution of
the  moisture  advection  term and  the  wind  divergence  term
to water vapor convergence varies over Eurasia; therefore, a
detailed analysis is considered based on Eq. (2). Winds con-
verge  on  the  southwestern  side  of  Lake  Baikal,  increasing
the water vapor convergence there (Fig. 5b), which is favor-
able for anomalous precipitation; while the moisture advec-
tion term mainly affects  the area south of Lake Baikal  and
most of Europe (Fig. 5c). Thus, in Asia, the water vapor bud-

get is influenced by the combined effect of moisture advec-
tion and wind divergence terms, whereas in Europe, the mois-
ture advection term is more dominant. To further verify the
correspondence between the water vapor budget and precipita-
tion anomalies, we analyzed the spatial distribution of precip-
itable  water,  which  represents  the  total  amount  of  water
vapor  in  the  tropospheric  air  column. Figure  5d indicates
that  the  precipitable  water  well  corresponds  with  the  large
snowfall  area (the slashed area),  especially over  East  Asia.
This  result  implies  that  the  two  cyclones  near  Europe  and
Lake Baikal play a significant role in regulating water vapor
from the North Atlantic and Northwest Pacific.

Previous studies have demonstrated that the atmosphe-
ric  wave  activities  of  the  stratosphere  and  the  troposphere
influence  each  other,  especially  in  winter.  The  anomalous
planetary  waves,  which form in  the  troposphere  due to  the
declining  sea  ice,  can  propagate  upward  and  subsequently
affect the polar vortex. We investigate the energy propagation
of stationary Rossby waves according to Eq. (3). To explore
the  difference  with  precision,  we  separate  the E-P flux
between years with high and low sea ice by one standard devi-
ation. Figure  6a depicts  the  difference  in E-P flux  and  its
divergence  between  low  and  high  SIC  years.  Reduced  sea
ice is connected with the enhanced vertical component of E-

 

 

Fig.  3. Linear  regressions  of  NDJ-mean  (a)  SLP  (units:  hPa,  gray  lines  denote  the  climatological  winter  SLP),
(b) SLP fields at wavenumber 2 (units: hPa), (c) 500-hPa geopotential height (units: m) and (d) 300-hPa geopotential
height (units: m), (e) surface air temperature (SAT, units: °C) onto SICI during 1979–2021. Values significant at the
90% confidence levels are dotted.
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Fig. 4. Linear regressions of NDJ-mean 700-hPa wind (units: m s–1) and geopotential height (units: m)
onto SICI during 1979–2021. Values significant at the 90% confidence level are shown as green dots.

 

 

Fig.  5. Linear  regressions  of  NDJ-mean  (a)  vertically  integrated  moisture  fluxes  (vector,  units:
kg m–1 s–1) and their convergence (shading, units: 10–7 kg m–2 s–1 ), (b) wind divergence term (units:
10–7 kg  m–2 s–1),  (c)  moisture  advection  (10–6 kg  m–2 s–1),  (d)  precipitable  water  (units:  mm)  onto
SICI  during  1979–2021.  Crossed  areas  denote  values  exceeding the  90% confidence  level,  and the
slashed area represents the region in Fig. 2e where the regression coefficient is greater than 0.2.
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P flux in the entire troposphere north of 60°N and stratosphere
north  of  50°N.  Consequently,  the E-P flux  near  the
tropopause  is  more  obviously  directed  upward  near  the
polar regions, leading to anomalous convergence of the E-P
flux in the stratosphere. In addition, the E-P flux convergence
is strengthened at about 40°–60°N and centered at 300 hPa,
which  corresponds  well  to  the  mean position  of  the  winter
polar front jet. Under such a circulation change, the intensified
meridional  activities  will  cause  atmospheric  blocking  to
become  more  prevalent  (Rex,  1950).  In  conclusion,  the
enhanced  upward  propagating  planetary-scale  waves  could
penetrate the stratosphere,  increase the geopotential  height,
decelerate the westerly jet (Fig. 6b), and weaken the strato-
spheric  polar  vortex  (Fig.  6b).  This  pattern  demonstrates
that cold air in the Arctic can easily escape to the middle lati-
tudes.  To  better  comprehend  the  stratosphere–troposphere
coupling to the declining sea ice, we present the response of
zonal  wave-1 geopotential  height  in Fig.  6c.  The planetary
wave response is in phase with the upward propagating clima-
tological wave-1 pattern, thus when SIC is low in B-K seas,
the upward wave propagation into the stratosphere becomes
stronger, ultimately favoring a weaker polar vortex.

 3.3.    Numerical experiments

The  statistical  analysis  described  above  implies  that
there are pronounced snow cover anomalies across Europe,
Central, and East Asia from November to January in recent
years,  which  may  be  attributed  to  sea-ice  loss  in  the  B-K
seas,  as  measured  in  November.  To  support  our  findings,
two  climate  model  experiments  using  CAM5.0  are  con-
ducted. For the simulations, the SIC and SST are character-

ized  as  boundary  conditions  based  on  the  Hadley  Centre
data sets. The control run is forced by the monthly climatolog-
ical  SIC  and  SST  for  the  study  period.  To  avoid  physical
inconsistency between the SST and SIC, the sensitivity experi-
ment is driven by the altered SIC and SST, which are identical
to the control run except for November in the B-K seas. The
SIC  and  SST  in  November  in  the  B-K  seas  are  set  as  the
value during the low SIC years, as defined by one standard
deviation.  The SIC and SST distribution in  the  control  run
and sensitivity experiment is shown in supplementary figures
(Figs.  S3,  S4  in  the  ESM).  Two  sets  of  experiments  were
both integrated from 1 January for 40 years, and we analyzed
the last 35 years. To obtain faithful atmospheric circulation
responses  to  sea-ice  loss  (Screen  et  al.,  2013; Mori  et  al.,
2014),  each  experiment  consists  of  40  ensemble  members
with slightly different initial temperature perturbations.

Although some differences can be identified, the model
successfully  reproduces  the  overall  response  of  the  atmo-
spheric circulation (Fig. 7) to the anomalously low SIC over
the B-K seas. The resultant SLP pattern (Fig. 7a) shows a neg-
ative AO pattern and increased Arctic outbreaks into the mid-
dle latitudes. Meanwhile, the strength of the negative AO is
stronger  in  the  experiment,  which  may  be  caused  by  the
higher  polar  amplification  in  the  climate  models  (Holland
and  Bitz,  2003).  The  model  successfully  replicates  the
response of the middle and upper tropospheric circulation to
the  anomalously  low  SIC  in  November  over  the  B-K  seas
(Figs.  7b, c).  The  resulting  geopotential  height  anomaly
then  favors  cold  anomalies  throughout  Eurasia  in  winter
(Fig.  7d).  The  difference  in  the  distribution  of  SAT  may
come from the uncertainty of the model. There are two promi-

 

 

Fig. 6. (a) Difference in winter E-P flux (vectors, units: m3 s–2) and its divergence (contours, dashed lines indicate
negative values, units:  m2 s–2) between years with low and high SIC. (b) Same as in (a),  but for zonal mean zonal
wind  in  winter  (units:  m  s–1),  hatched  areas  denote  that  the  difference  is  significant  at  the  90%  confidence  level.
(c) Same as in (a), but for the 45°–70°N averaged zonal wave-1 geopotential height (units: m) in winter. Contours
denote the climatological value. Both components of E-P flux are multiplied by cos Φ and the square root of (1000/
p),  where Φ is  the  latitude,  and p is  pressure.  The meridional  component  is  divided by πa,  where a is  the  Earth’s
radius, and the vertical component is divided by 105.
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nent cyclonic anomalies at 700 hPa in Eurasia that are consis-
tent with the observation and favor snowfall (Fig. 8). More-
over,  the  quasi-stationary  planetary  waves  propagate
upward when sea ice is low in the B-K sea (Fig. 9a). These
findings suggest that sea-ice loss over the B-K seas generally
induces a weaker stratospheric polar vortex and westerly jet
(Fig. 9b).

Consequently, there is substantial observational and mod-

eling evidence that declining sea ice, accompanied by a nega-
tive  AO,  a  deepened  East  Asia  trough,  and  trough  over
Europe,  and  a  weakened  stratospheric  polar  vortex  would
result  in  colder  Eurasian  temperatures.  Additionally,  two
prominent cyclonic anomalies near Europe and Lake Baikal
affect  moisture  transport  and  convergence,  inducing
increased  precipitation.  In  this  way,  the  snow  cover  in
Europe, as well as Central and East Asia, has increased.

 

 

Fig. 7. Same as in Figs. 3a–d, but for the difference between the sensitivity experiment and control run in CAM5.0.

 

 

Fig. 8. Same as in Fig. 4, but for the difference between the sensitivity experiment and control run in
CAM5.0.
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 4.    Conclusion and discussion

In this study, the relationship between the early winter
B-K sea ice anomaly and winter snow cover response in Eura-
sia  is  investigated  through  a  combination  of  observations
and  climate  modeling  experiments.  The  results  show  that
sea ice reduction over the B-K seas in November can lead to
heavy snowfall  in Europe,  Central  Asia,  and East  Asia.  To
investigate potential physical mechanisms for the impact of
the November Arctic SIC on the winter snow cover variability
over Eurasia, we examined the atmospheric circulation and
moisture budget response. A schematic diagram illustrating
how  the  changes  in  atmospheric  conditions  affect  snow
cover is shown in Fig. 10.

The declining B-K sea ice gives rise to a negative phase
of AO in conjunction with a deepened East Asia trough and
a deepened trough over Europe. These would induce south-
ward  cold  air  outbreaks  and  provide  favorable  conditions
for snowfall. In addition, two prominent cyclonic anomalies
near Europe and Lake Baikal regulate water vapor from the
North  Atlantic  and  Northwest  Pacific  and  affect  moisture
transport  and  its  divergence,  resulting  in  higher  snow effi-
ciency over Eurasia. Further analysis suggests that both mois-
ture  advection  and  wind  divergence  influence  snowfall  in
Asia,  whereas  moisture  advection  is  more  significant  in
Europe. Moreover, it is essential to recognize the connection

between  early  winter  sea  ice  and  the  variability  of  strato-
spheric  dynamics.  Wave  activity  analysis  reveals  that  the
upward E-P flux is strengthened and the polar vortex is weak-
ened under low sea-ice conditions. The E-P flux convergence
and meridional activity are considerably enhanced, resulting
in colder mid-latitude temperatures.

Our  findings  suggest  that  the  pronounced  snow  cover
anomaly  over  Eurasia  from  November  to  January  may  be
attributed to the sea ice reduction in the B-K seas in Novem-
ber.  We  ascribe  the  prolonged  mid-latitude  circulation
response to both tropospheric and stratospheric mechanisms.
From Fig. 2c, the ice in the ES sea also impacts the interannual
variability of snow cover over Eurasia, which can be investi-
gated in future work. Nonetheless, a proposed dynamical argu-
ment  points  out  that  the  rapid  advance of  snow cover  may
lead  to  substantial  Arctic  sea  ice  melting  (Cohen  et  al.,
2013). A greater or more rapid snow cover extent in autumn
contributes to a negative winter AO, allowing for the accurate
prediction of cold winter temperatures over Eurasia (Cohen
et  al.,  2007, 2013).  Thus,  further  work  is  required  to  com-
pletely  understand  the  implications  of  sea  ice  by  utilizing
the ocean-ice-atmosphere interaction coupled models. More-
over,  this  study  only  examines  the  mean  thermal  effects,
while the feedback of the eddy on the Amplified Arctic warm-
ing is  contrary to the mean flow (Sang et  al.,  2022).  Thus,
the  feedback  forcing  between  mean  flows  and  transient

 

 

Fig. 9. Difference in (a) E-P flux (units: m3 s-2) and its divergence (contours, dashed lines denote negative
values,  units:  m2 s–2),  (b)  zonal  mean  zonal  wind  (units:  m  s–1)  between  the  sensitivity  experiment  and
control run in CAM5.0. The meridional and vertical components of the E-P flux are divided by 107 and 104

before the composites, respectively. Hatched areas in (b) denote that the difference is significant at the 90%
confidence level.
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eddy activities is also worth considering.
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