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ABSTRACT

An unprecedented  cold  wave  intruded into  East  Asia  in  early  January  2021 and led  to  record-breaking  or  historical
extreme low temperatures over vast regions. This study shows that a major stratospheric sudden warming (SSW) event at
the  beginning  of  January  2021  exerted  an  important  influence  on  this  cold  wave.  The  major  SSW  event  occurred  on  2
January 2021 and subsequently led to the displacement of the stratospheric polar vortex to the East Asian side. Moreover,
the SSW event induced the stratospheric warming signal  to propagate downward to the mid-to-lower troposphere,  which
not only enhanced the blocking in the Urals–Siberia region and the negative phase of the Arctic Oscillation, but also shifted
the tropospheric polar vortex off the pole. The displaced tropospheric polar vortex, Ural blocking, and another downstream
blocking ridge over western North America formed a distinct inverted omega-shaped circulation pattern (IOCP) in the East
Asia–North Pacific sector. This IOCP was the most direct and impactful atmospheric pattern causing the cold wave in East
Asia.  The IOCP triggered a meridional  cell  with an upward branch in East  Asia and a downward branch in Siberia.  The
meridional  cell  intensified  the  Siberian  high  and  low-level  northerly  winds,  which  also  favored  the  invasion  of  the  cold
wave  into  East  Asia.  Hence,  the  SSW  event  and  tropospheric  circulations  such  as  the  IOCP,  negative  phase  of  Arctic
Oscillation,  Ural  blocking,  enhanced  Siberian  high,  and  eastward  propagation  of  Rossby  wave  eventually  induced  the
outbreak of an unprecedented cold wave in East Asia in early January 2021.
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Article Highlights:

•  A major stratospheric sudden warming (SSW) event occurred at the beginning of January 2021.
•  The major SSW event exerted an important influence on the cold wave in East Asia in early January 2021.
•  The  SSW  event,  IOCP,  negative  Arctic  oscillation,  and  enhanced  Ural  blocking/Siberian  high  eventually  induced  the

cold wave in East Asia in early January 2021.
 

 
 

 

1.    Introduction

Cold events have become more intense and frequent in
East Asian winters since the beginning of the twenty-first cen-
tury. A series of extreme cold events occurred in East Asia
in  the  winters  of  2004/05  (Ding  and  Ma,  2008),  2007/08
(Wu  et  al.,  2011; Zhou  et  al.,  2011; Kuang  et  al.,  2019),
2009/10  (Hori  et  al.,  2011),  and  2015/16  (Ma  and  Zhu,
2019; Dai  and  Mu,  2020).  The  frequent  occurrence  of

extreme cold events  is  of  great  concern for  adaptation to  a
warmer  world  (Kuang  et  al.,  2019).  The  impressive  cold
surges in the early winter of 2020/21, which led to record-
breaking  low  temperatures  in  central  and  eastern  China,
aroused widespread public concern (Dai et al., 2021; Zhang
et al.,  2021a; Zheng et al.,  2021; Bueh et al.,  2022; Yao et
al., 2022). These extreme low temperatures are often transna-
tional  or  even continental,  while  it  is  relatively mild in the
Arctic region. This distinct temperature pattern is referred to
as the “cold continents and warm Arctic” (Overland et al.,
2011; Luo et al., 2016).

Regional  extreme  low-temperature  events  (RELTEs)
have been studied as a result of their long duration and large
area of influence. Winter RELTEs are usually accompanied
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by  strong  cold  surges,  heavy  snow,  and  freezing  disasters.
Many  case  studies  have  therefore  focused  on  the  outbreak
of RELTEs, their mechanisms of development, and their pos-
sible causes (Chen et al., 2002; Ding and Ma, 2008; Wu et
al.,  2017).  Intensification  of  the  blocking  high  in  the  Ural
Mountains  or  Siberia,  accompanied  by  a  deepened  East
Asian  trough,  is  typical  of  many  winter  RELTEs  (Ding  et
al., 2008; Tao and Wei, 2008; Wen et al., 2009; Zhou et al.,
2009; Zuo et  al.,  2015).  A collapse of  the blocking pattern
over  Eurasia  and  the  Atlantic  can  induce  an  outbreak  of
cold  air  in  East  Asia  (Tao,  1957).  Winter  RELTEs  in
Eurasia  can  also  be  manifested  by  the  abrupt  expansion or
enhancement  of  the  Siberian  high.  The  intraseasonal  vari-
ation of the Siberian high is considered to be a critical factor
in  the  occurrence  of  cold  waves  (Ding  and  Krishnamurti,
1987; Gong  and  Ho,  2002; Takaya  and  Nakamura,  2005a,
b; Park et  al.,  2008).  Moreover,  previous studies  also have
analyzed the influence of the Arctic Oscillation (Thompson
and Wallace,  1998; Jeong and  Ho,  2005; Wang and  Chen,
2010) and Arctic sea ice (Honda et al., 2009; Petoukhov and
Semenov, 2010; Wu et al., 2015) on the occurrence of cold
surges in Eurasia.

Both observational studies (Yu et al., 2018) and model
simulations  (Gillett  and  Thompson,  2003; Charlton  et  al.,
2004) have provided robust evidence that the state of the stra-
tosphere can influence atmospheric circulation in the tropo-
sphere. Stratospheric sudden warming (SSW) is the clearest
and strongest manifestation of the coupling between the strato-
spheric  and  tropospheric  systems  (Charlton  and  Polvani,
2007).  It  has  been shown that  the  cold events  over  Europe
and East Asia in winter can be attributed to the occurrence
of SSW (Scaife and Knight, 2008; Lü et al., 2020; Yu et al.,
2022).  The  displacement  or  splitting  of  the  stratospheric
polar vortex during a major SSW event may lead to differ-
ent  patterns  of  surface  weather  and  climate  anomalies
(Mitchell et al., 2013). The dynamic influence of the strato-
sphere is known to play a part in shaping the circulation pat-
terns of the troposphere in winter (Davini et al., 2014).

Three  outbreaks  of  cold  air  occurred  in  China  in  the
early winter of 2020/21 on 13–15 December 2020, 29 Decem-
ber 2020–1 January 2021, and 6–8 January 2021 (Dai et al.,
2021; Zheng et al., 2021). These three cold air events were
related  to  three  RELTEs  in  Eurasia.  The  latter  two  events
were categorized as the cold surge level, and the third event
is popularly referred to as the “boss level”.  The boss level
cold wave swept through vast areas of China. Beijing faced
a minimum temperature of –19.6°C on 7 January 2021, the
coldest temperature since 1966. The synergistic effect of the
warm  Arctic  and  the  cold  tropical  Pacific  Ocean  (i.e.,  La
Niña) was considered to have contributed to the cold winter
of  2020/21  by  providing  a  background  for  the  intensifica-
tion of the atmospheric circulation anomalies at mid-to-high
latitudes (Zheng et al., 2021). However, the effects of the stra-
tosphere on this cold wave are not clear. More importantly,
it  is  not  known why the third cold wave from 6–8 January
2021 was so intense. We therefore carried out a comprehens-

ive analysis of this cold wave to investigate the possible influ-
ence from the stratosphere.

This paper is organized as follows. Section 2 describes
the datasets and methods. Section 3 analyzes the SSW event
in  early  January  2021  and  its  impacts  on  the  extreme  cold
wave in East Asia. Section 4 summarizes our results. 

2.    Data and methods
 

2.1.    Data

We  used  atmospheric  data  from  the  National  Centers
for  Environmental  Prediction  and  the  National  Center  for
Atmospheric Research reanalysis dataset with a temporal res-
olution  of  24  h  and  a  horizontal  resolution  of  2.5°  ×  2.5°
(Kalnay et al.,  1996). The variables included the geopoten-
tial  height,  the zonal and meridional wind components,  the
vertical p-velocity,  the temperature,  and the sea level  pres-
sure. The reanalysis data of daily minimum surface air temper-
ature at  2 m with a horizontal  resolution of roughly 1.9° ×
1.9° from 1948 to 2021 was used to objectively identify the
RELTE events.

The gauge-based observational daily minimum air tem-
perature dataset was from version 3.0 of the basic historical
meteorological dataset of a dense national network released
by  the  National  Meteorological  Information  Center  of  the
China  Meteorological  Administration.  The  total  number  of
national stations was 2479, and all the daily data used here
had  been  subjected  to  quality  control  procedures  by  the
National  Meteorological  Information  Center.  The  observed
extreme  low  temperatures  from  6–8  January  2021  were
derived  from  the  Meteorological  Disaster  Risk  Manage-
ment  System developed by the  National  Climate  Center  of
the China Meteorological Administration. In the Meteorolo-
gical  Disaster  Risk  Management  System,  the  lowest  and
second  lowest  values  of  daily  minimum  temperature  for
each  baseline  year  (the  baseline  is  1981–2010)  are  chosen
as the sample set. All temperatures in the sample set are sor-
ted  in  ascending  order,  and  the  5th  percentile  value  is
defined as the historical extreme value. The Meteorological
Disaster  Risk  Management  System  outputs  information
from qualified  sites  at  which the  daily  minimum temperat-
ures reach historical extreme values or break low-temperat-
ure records. 

2.2.    Methods
 

2.2.1.    Objective identification of the RELTE in East Asia

An objective method was used to identify the RELTEs
in East Asia in early January 2021. This method was put for-
ward  by  Ren  et  al.  (2012)  and  developed  by  Zhang  et  al.
(2021b) to identify RELTEs based on a gridded dataset. An
RELTE  was  identified  via  a  two-step  process.  First,  an
extreme low temperature  in  each  grid  was  identified  if  the
minimum temperature fell below the extreme low-temperat-
ure  threshold— that  is,  the  10th  percentile  of  its  distribu-
tion defined by five consecutive days in winter (December–
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January–February)  from 1948/49  to  2020/21  centered  on  a
given day. Second, one potential  RELTE event was identi-
fied  by  considering  the  spatiotemporal  continuum  of
extreme  low  temperatures.  The  spatial  extent  of  one
extreme  low-temperature  zone  (i.e.,  spatial  continuum)  on
one given day involved all  the grids and their neighbors in
which  the  minimum  temperatures  fell  below  the  extreme
low-temperature threshold. It was assumed that one RELTE
continued  (i.e.,  temporal  continuum)  if  the  event  over-
lapped  with  any  new extreme  low-temperature  zone  in  the
downstream area on the following day. A detailed introduc-
tion to this method is given by Zhang et al. (2021b). 

2.2.2.    Calculations  of  the  Siberian  high  and  Arctic
Oscillation index

The  Siberian  high  index  was  defined  as  the  averaged
sea  level  pressure  over  the  region (40°–60°N,  80°–120°E),
which is used by the Chinese National Climate Center to mon-
itor  the  Siberian  high.  The  Arctic  Oscillation  index  was
obtained from the National Oceanic and Atmospheric Admin-
istration  Climate  Prediction  Center  (https://www.cpc.ncep.
noaa.gov/products/precip/CWlink/daily_ao_index/ao.shtml)
. 

2.2.3.    Calculation of the Eliassen–Palm flux

We  examined  the  Eliassen–Palm  flux  and  its  diver-
gence  (Edmon  et  al.,  1980),  which  depict  planetary  wave
activity and eddy forcing on the zonal-mean flow, to determ-
ine the influence of wave activity in the troposphere on the
stratospheric  circulation.  The  Eliassen–Palm  flux  vectors
were defined as: 

{
Fφ,Fp

}
= {−acosφu′v′, f acosφ

v′θ′

θp
} , (1)

a φ

f = 2ωsinφ ω

u v
θ p

where  is  the  radius  of  the  Earth,  is  the  latitude,
 is  the Coriolis  parameter  with  indicating the

rotational  angular  velocity  of  the  Earth, ,  are  the  zonal
and meridional winds,  is the potential temperature, and 
is  the  pressure  level.  The  overbars,  primes,  and  subscripts
on the right side of Eq. (1) denote the zonal means, depar-
tures,  and  partial  differentiation,  respectively.  The  diver-
gence of the Eliassen–Palm flux is given by: 

∇ ·F= 1
acosφ

∂
(
Fφcosφ

)
∂φ

+
∂Fp
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. (2)

To give a graphical display in latitude–pressure coordinates,
the  Eliassen–Palm  flux  vectors  were  scaled  by  the  scaling
factors: 

{
F̄φ, F̄p

}
= cosφ{1

a
Fφ

S φ
,

Fp

S p
} , (3)

S φ = π S p = 105where  and (Pa) are the scale factors. The Eli-
assen–Palm  flux  divergence  was  not  scaled.  Using  this
method, the values of divergence at a given point on a graph

represent  the  tendency  in  the  angular  momentum  per  unit
mass. 

2.2.4.    Calculation of Takaya–Nakamura flux

To examine the stationary Rossby wave propagation asso-
ciated  with  the  cold  wave,  the  wave  activity  flux  formu-
lated  by  Takaya  and  Nakamura  (2001)  (hereafter  TN flux)
was  used  in  this  study.  The  horizontal  flux  components
were defined as: 
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where , ,  and  denote  the  radius  of  the  Earth,  latitude,
and  longitude,  respectively,  is  the  perturbation  geo-
strophic  stream  function; ,  and  are  the  horizontal
basic  flow velocity  and  the  zonal  and  meridional  compon-
ents, respectively, and  is the pressure level. 

3.    Results
 

3.1.    The extreme cold event in early January 2021

An  RELTE  was  objectively  identified  in  East  Asia
from 5–10 January 2021. Figure 1 shows that most regions
of  China,  apart  from  Tibet  and  Southwest  and  Northeast
China,  were  affected  by  this  RELTE,  especially  from  6–8
January. In addition, this RELTE also affected other parts of
East  Asia,  including  Mongolia,  the  Korean  Peninsula,  and
Japan.

This cold wave had an enormous impact. The lowest tem-
peratures  across  almost  all  of  China  dropped  below  0°C,
and  they  were  even  below –28°C  in  Inner  Mongolia  and
Northeast China. The 0°C isotherm moved south to 25°N dur-
ing  the  period  of  6–8  January  2021  (Fig.  2a).  As  a  result,
383  stations,  mainly  located  in  eastern  China  and  north  of
the Yangtze River, broke their low-temperature records (56
stations) or reached historical extreme values (327 stations)
(Fig.  2b).  The  daily  minimum  temperature  averaged  over
these stations decreased after  28 December 2020 (Fig.  2c).
When  the  cold  wave  occurred,  the  minimum  temperature
decreased dramatically and reached a minimum of –17.7°C
(12°C lower than the climatology) on 7 January 2021. 

3.2.    The SSW event and its possible cause

A  prominent  SSW  event  occurred  at  the  beginning  of
January 2021 before the extreme cold wave. Following the
World  Meteorological  Organization definition  (Andrews et
al.,  1987; Krüger  et  al.,  2005),  a  major  SSW event  occurs
when the  10-hPa zonal-mean zonal  winds at  60°N become
easterly  and  the  10-hPa  zonal-mean  temperature  gradient
between 90°N and 60°N becomes positive. Figure 3a shows
that  the  10-hPa  zonal-mean  temperature  gradient  between
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90°N  and  60°N  was  negative  in  December  2020,  changed
from negative to positive on 2 January 2021, and reached a
maximum on 6 January 2021. In addition, the 10-hPa zonal-
mean  zonal  wind  at  60°N  changed  from  westerly  to  east-
erly on 5 January 2021 (Fig. 3b). Based on the World Meteor-
ological Organization definition, this SSW event can be cat-
egorized as a major event. Figure 3c shows the temporal evol-
ution  of  the  cross  section  of  the  temperature  and  zonal
winds  over  the  polar  cap.  Warming  with  easterly  winds
occurred  at  10  hPa  at  the  end  of  December  2020  and  then
propagated  rapidly  downward  into  the  lower  stratosphere
and upper troposphere within about one week.

This  major  SSW  event  persisted  for  about  two  weeks
until  19  January  2021.  The  potential  vorticity  (PV)  in  the
lower  and  midstratosphere  in  the  Arctic  decreased  rapidly
as a  result  of  the SSW event.  The PV at  10 hPa decreased
from >200 PVU (PVU is potential vorticity units in 10–6 m2

kg–1 s–1) to 150–200 PVU after 5 January (Fig. 3d). Accord-
ing  to  the  criterion  proposed  by  Charlton  and  Polvani
(2007), this SSW event was classified as a vortex displace-
ment  event.  The  center  of  the  stratospheric  polar  vortex
clearly shifted off the pole, and the distortion of the polar vor-
tex was characterized by an “anti-comma shape” (Fig. 3e).
The tail of the anti-comma-shape stratospheric polar vortex

 

 

Fig. 1. Spatiotemporal evaluation of the RELTE in East Asia from 5 to 10 January 2021. The color shading shows
the  daily  minimum  temperature  anomaly  relative  to  the  extreme  low-temperature  thresholds  (units:  °C).  The  blue
dots  indicate  the  regions  affected  by  this  event  where  daily  minimum  temperatures  fell  below  the  extreme  low-
temperature thresholds defined in section 2.2.1.
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moved  toward  East  Asia  and  decreased  the  geopotential
height there, which favored movement of the cold air mass
out of the Arctic Circle and downward into East Asia. Dur-
ing  the  SSW  event,  the  stratospheric  geopotential  height
increased  around  the  North  Pole  and  decreased  over  East
Asia compared to the climatology (Fig. 3e).

The  SSW  event  and  displacement  of  the  stratospheric
polar  vortex  may  be  attributed  to  the  increase  in  the  pole-
ward transient eddy heat transport in the troposphere. A pole-
ward  propagating  Rossby  wave  on  26–28  December  2020
resulted in a heat intrusion from the North Atlantic into the
Arctic region (Zhang et al., 2021a). The poleward heat intru-
sion  excited  a  strong  tropospheric  Rossby  wave  propagat-
ing from the troposphere to the midstratosphere in late Decem-
ber  2020 (Fig.  4a),  which led to  the  stratospheric  warming
and high-pressure anomalies in the Arctic region. On 1 Janu-
ary  2021,  the  stratospheric  warming  and  high  pressure
emerged  around  the  Chukchi  Sea  and  East  Siberian  Sea,
then  moved  westward  toward  the  Kara  Sea  on  3  January
2021 (Fig. A1 in the Appendix). Hence, the westward move-
ment  of  the  midstratospheric  high  pressure  squeezed  the
polar vortex toward the East Asian side.

Previous  studies  have  revealed  relationships  between
the  tropospheric  planetary  wave  pattern  and  SSW  events
(Nakagawa and Yamazaki, 2006) and the horizontal distribu-

tion of the stratospheric polar vortex (Liu and Zhang, 2014),
respectively.  Before  the  SSW event  in  early  January 2021,
the Eliassen–Palm flux was clearly upward into the midstrato-
sphere  over  the  region  40°–60°N  and  the  planetary  wave
propagated equatorward when entering the midstratosphere
(Fig. 4a). The Eliassen–Palm flux diverged from 10 hPa to
30 hPa above the  Arctic  region,  but  converged at  midlatit-
udes, indicating an acceleration of the basic westerly flow in
the Arctic. From 2 to 5 January 2021, the upward planetary
wave propagated poleward in the mid-to-lower stratosphere
and  converged  at  high  latitudes  and  in  the  Arctic  region
(Fig. 4b).  This favored a deceleration of the basic westerly
flow and a transition from a westerly to an easterly flow. In
addition,  the  tropospheric  planetary  wave  can  induce  pole-
ward eddy heat flux, which triggers a warming tendency at
higher  latitudes  and cooling  at  lower  latitudes – that  is,  an
SSW event (Matsuno, 1971). 

3.3.    The  impacts  of  the  SSW  event  on  the  tropospheric
circulation

To reveal the impacts of SSW on the atmospheric circula-
tion in the troposphere, Fig. 5a shows the height–time cross
section of  the geopotential  height  anomalies  averaged over
the polar cap. The geopotential height anomalies in the mid-
stratosphere  were  negative  in  December  2020.  When  the

 

 

Fig. 2. (a) Distribution of the minimum value of the daily minimum temperature (units: °C) over China from 6 to 8
January  2021.  (b)  Sites  at  which  the  daily  minimum  temperature  broke  records  (red  dots)  or  reached  historical
extreme values  (blue  dots)  over  China  from 6 to  8  January 2021.  (c)  Daily  variation of  the  minimum temperature
(units: °C) averaged for the 383 stations shown in Figure (b) from 10 December 2020 to 10 January 2021 (red line)
and its climatology for the time period 1981–2010 (black dashed line).
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SSW event occurred at the beginning of January 2021, there
were  prominent  downward  propagating  stratospheric  sig-
nals  of  strong  positive  geopotential  height  anomalies  over
the  polar  cap.  The  downward  propagation  of  the  strato-
spheric signals reached the mid and lower troposphere at the
high latitudes, which enhanced the negative phase of the Arc-
tic  Oscillation  (Tomassini  et  al.,  2012; Yu  et  al.,  2022).  It
was  reinforced  and  reached  its  lowest  value  on  5  January

2021 (Fig. 5b). The Siberian high was stronger than its clima-
tology  and  strengthened  after  5  January  2021  (Fig.  5c).
Moreover, the associated downward propagation signal also
contributed  to  the  enhancement  of  the  blocking  over  the
Urals  region  (Lu  and  Ding,  2013). Figure  5d shows  the
time–height cross section of geopotential height anomaly aver-
aged over 55°–75°N, 80°–110°E from 1 December 2020 to
31 January 2021. A prominent feature seen in Fig. 5d is the

 

 

Fig.  3. (a)  Temporal  evolution of  the  10-hPa zonal-mean temperature  gradient  (units:  K)  between 90°N and 60°N
from 1 December 2020 to 31 January 2021. (b) Temporal evolution of the 10-hPa zonal-mean zonal wind at 60°N
(units: m s–1). (c) Time–height cross section of the temperature of the polar cap (65°–90°N) (shading; units: K) and
zonal  winds  (contours;  red/blue  contours  indicate  positive/negative  values  and  black  contours  indicate  zero  line;
interval 5 m s–1) from 1 December 2020 to 31 January 2021. (d) Time–height cross section of the potential vorticity
(shading; units: PVU) over the polar region (75°–90°N). (e) Distribution of the geopotential height (contours; units:
dagpm) and its anomalies (shading; units: dagpm) at 50 hPa averaged from 2 to 5 January 2021.
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positive geopotential anomalies extending from the midstrato-
sphere to the midtroposphere over the Urals–Siberia region
at the beginning of January 2021. This suggests that the down-
ward propagation of SSW signal not only enhanced the negat-
ive phase of the Arctic Oscillation but also strengthened the
Urals–Siberia blocking.

To further investigate the influence of the SSW and the
displacement of the stratospheric polar vortex on the atmo-
spheric  circulation  in  the  troposphere,  we  examined  the
height–latitude cross section of the PV along East Asia and
the  Arctic  (Fig.  6a).  The  tropopause  is  generally  represen-
ted  by  a  set  of  dense  contours  at  1.5–3  PVU  (Davis  and
Emanuel,  1991),  slopes  downward  with  latitude,  and  is
straight  and  smooth.  The  high  PV  cold  air  mass  (PV  >  4
PVU) in the lower stratosphere usually assembles in the Arc-
tic region. On 6 January 2021, a distinct tropopause folding
was observed at 100–500 hPa above East Asia (30°–50°N)
as a result of the southward shift of the stratospheric polar vor-
tex  (Fig.  3e).  The  high-PV dry  and  cold  air  mass  originat-
ing from the Arctic stratosphere drained into the area of fold-
ing  and  eventually  intruded  into  the  mid  and  lower  tropo-
sphere  over  East  Asia.  The  intrusion  of  this  high-PV  cold
air  resulted  in  the  cold  wave  and  snowstorms in  East  Asia
by  enhancing  the  negative  geopotential  perturbations  and
cyclonic  vorticity  (Davis  et  al.,  1996).  It  can  be  seen  from
Fig. 6b that the high-PV air mass extended southward from
high latitudes to  East  Asia  at  the 315-K isentropic surface,
which  was  accompanied  by  the  southward  intrusion  of  the
severe  cold  air.  Since  the  315-K  isentropic  surface  slopes
downward from north to south in the Northern Hemisphere,
the  southward  intrusion  of  cold  airflow  at  the  315-K  isen-
tropic  surface  also  confirmed  that  cold  air  originated  from
the Arctic region in the lower stratosphere. Yi et al. (2013)
investigated the relationship between 17 stratospheric weak
polar  vortex  events  and  surface  temperature  variation  in
winter in East Asia. They found that the cold air with high

PV remains near 60°N in the early and middle period of the
weak  vortex  event  and  begins  to  extend  southward  in  the
late  period.  In  the  middle  and  upper  troposphere,  cold  air
from the high latitudes can migrate to 45°N and lower the sur-
face temperature in northern China.

At  500  hPa,  the  negative  phase  of  the  Arctic  Oscilla-
tion  was  characterized  by  a  displacement  of  the  tropo-
spheric  polar  vortex  from  the  pole  to  the  East  Asia–North
Pacific sector. Meanwhile, two blocking highs became estab-
lished  in  the  upstream  and  downstream  areas  of  the  dis-
placed vortex and an inverted omega-shaped circulation pat-
tern  (IOCP)  therefore  formed  in  the  region  of  40º–80ºN,
90ºE–120ºW (Fig. 7a). Apparently, the blocking high in the
downstream area (120ºW) was weaker than the blocking in
the Urals–Siberia region. The downward propagating strato-
spheric signals of strong positive geopotential height anom-
alies over the polar cap (Fig. 5a) induced the positive geopo-
tential anomaly in the midtroposphere (Fig. 7b) and greatly
weakened the tropospheric polar vortex. As a result, the tropo-
spheric polar vortex was shifted off the pole. Besides influ-
ence  from  the  stratosphere,  Si  et  al.  (2021)  found  that  the
occurrence of an IOCP is also a result of the southward shift
of  the  tropospheric  polar  vortex  and  the  propagation  of
Rossby wave energy at northern mid-to-high latitudes. Fig-
ure 7a shows that the Rossby wave energy propagated east-
ward  along  the  northern  mid-to-high  latitudes  and  was
absorbed  into  the  Urals–Siberia  region,  contributing  to  the
occurrence of the Urals–Siberia blocking. Furthermore, east-
ward  propagating  Rossby  wave  energy  was  absorbed  over
western  North  America  in  the  Western  Hemisphere,  which
favored  another  downstream  blocking  ridge  in  western
North  America.  The  IOCP  eventually  formed  in  the  East
Asia–North Pacific region. The high-PV cold air mass was
assembled in the IOCP, while a low-PV air mass prevailed
outside the IOCP (Fig. 8) where a blocking or anticyclonic cir-
culation dominated (Hoskins et al.,  1985). The air with PV
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1000/p

Fig. 4. Height–latitude cross section of the Eliassen–Palm flux (vectors; units: m2 s–2) and its divergence (contours;
interval  100  m2 s–2)  (a)  averaged  from 28 to  31  December  2020 and  (b)  averaged  from 2  to  5  January  2021.  The
vectors  are  scaled  by  at  all  levels  and  are  magnified  by  a  scale  factor  of  five  above  100  hPa  for  a  better
visualization of the smaller vectors in the stratosphere. This scaling method is applied after Eq. (3).
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Fig. 5. (a) Time–height cross section of the geopotential height anomaly (units: dagpm)
over  the  polar  cap  from  1  December  2020  to  31  January  2021.  (b)  Arctic  Oscillation
index  from  1  December  2020  to  31  January  2021.  (c)  Siberian  high  index  (units:  hPa)
from 1 December 2020 to 31 January 2021. The climatological mean period is defined as
1981–2010. (d) Time–height cross section of geopotential height anomaly (units: dagpm)
averaged over 55°–75°N, 80°–110°E from 1 December 2020 to 31 January 2021.
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values  >  5  PVU  was  mainly  concentrated  above  Siberia,
and  its  temperature  was  lower  than –56ºC.  As  the  IOCP
moved southeastward, its southern edge finally reached East
Asia,  there  was  an  outburst  of  high-PV  cold  air,  and  the
cold  wave  swept  through  East  Asia  from  6  to  8  January
(Fig. 8).

Figure 9 shows the evolution of the vertical structure of
the IOCP averaged between the two green lines in Fig. 7a.

The IOCP conveyed the high-PV airflow along isentropic sur-
faces (between 330–290 K) to East Asia. The increased PV
in the mid-to-high troposphere was mainly located at 60°N
on 4 January and 40°N on 6 January (left  panel  in Fig.  9).
According  to  the  isentropic  PV  equation  (Hoskins  et  al.,
1985), the PV can be treated as a combined variable of the
static  stability  and  absolute  vorticity  at  an  isentropic  sur-
face. The static stability is lower in the troposphere than in

 

 

Fig.  6. (a)  Height–latitude  cross  section  of  the  potential  vorticity  (shading;  units:  PVU)  and  315-K  potential
temperature contour (red dotted contour; units: K) averaged along 115°–135°E on 6 January 2021. (b) Latitude–time
cross  section  of  the  potential  vorticity  (shading;  units:  PVU)  and  temperature  (contours;  units:  °C)  at  the  315-K
isentropic surface averaged along 115°–135°E from 1 to 10 January 2021.

 

 

Fig. 7. (a) Geopotential height (shading; units: dagpm) and TN wave activity flux (vectors; units: m2 s–2) at 500 hPa
averaged from 5 to 8 January 2021. The bold black 528-dagpm isoline in the East Asia–North Pacific sector indicates
the location of the IOCP. The green dotted lines (the left line: 60°, 67.5°, 70°, 72.5°, 75°, 77.5°, 80°, 85°, 87.5°, 90°,
92.5°, 95°, 97.5°, 97.5°, 100°, 100°, 102.5°, 102.5°, 105°, 105.0°, 105°, 105°, 107.5°, 107.5°, 107.5°, 107.5°, 107.5°,
107.5°, 107.5°E for latitudes from 80°N to 10°N, and the right line: 120°E for latitudes from 80°N to 10°N) indicate
the transect location in Fig. 9. (b) Geopotential height anomalies at 500 hPa (shading; units: dagpm) averaged from 5
to 8 January 2021.
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the stratosphere. The absolute vorticity of the air mass there-
fore  increases  when  moving  downward  from  the  strato-
sphere to the troposphere. Accordingly, the downward intru-
sion of the high-PV airflow lowered the geopotential height
in front of the folding area, which enhanced cyclonic vorti-
city  and  upward  motion  between  25°–30°N (right  panel  in
Fig. 9).

By  contrast,  the  geopotential  height  and  downward
motion  to  the  north  of  the  IOCP  (Siberian  and  Arctic
regions)  increased  (right  panel  in Fig.  9).  As  seen  in Figs.
9d and f, the downward motion was enhanced in the regions
north of the IOCP (50°–65°N). Thus, the upward motion in
East  Asia  and  downward  motion  to  the  north  of  the  IOCP
formed  a  meridional  cell  extending  from  East  Asia  to
Siberia.  The  downward  branch  brought  negative  vorticity
and  anticyclonic  advection  to  Siberia  and  thus  intensified
the Siberian high (Fig. 5c), which contributed to the south-
ward  outbreak  of  the  cold  wave  (Si  et  al.,  2021).  In  the
lower troposphere, the northerly wind induced by the meridi-
onal cell favored the southward intrusion of the cold wave.
These  results  are  consistent  with  our  previous  study  (Si  et
al.,  2021),  which  showed  that  the  IOCP induced  a  meridi-
onal  cell  along  the  East  Asia–Siberia  sector  that  enhanced
the  Siberian  high  and  contributed  to  the  outbreak  of  the
extreme cold wave in East Asia in January 2016.
 

4.    Summary

An unprecedented  cold  wave  swept  through East  Asia
in  early  January  2021.  The  dramatic  drops  in  temperature
from  6  to  8  January  2021  either  broke  records  or  reached
extreme  historical  values  at  383  sites  to  the  north  of  the
Yangtze  River  in  China.  A  major  SSW  event  occurred
before this unprecedented cold wave at the beginning of Janu-
ary  2021.  The  stratospheric  zonal-mean  temperature  gradi-
ent  between  the  Arctic  and  mid-to-high  latitudes  reversed
on  2  January  2021,  and  the  stratospheric  zonal-mean  wind
at  mid-to-high  latitudes  changed  to  easterly  on  5  January
2021. According to the World Meteorological Organization
definition, this SSW event was classified as a major warm-
ing event.

The  proposed  mechanisms  for  the  influences  of  this
major  SSW event  on  the  unprecedented  cold  wave  in  East
Asia  in  January  2021  are  presented  in Fig.  10.  The  SSW
event  shifted  the  stratospheric  polar  vortex  off  the  pole
toward northern East Asia. The displaced polar vortex resul-
ted in  a  distinct  tropopause folding and brought  a  high-PV
cold air mass to East Asia along isentropic surfaces between
330–290 K. At the same time, the SSW also induced the stra-
tospheric signal to propagate downward to the troposphere,
which  not  only  enhanced  the  negative  phase  of  the  Arctic
Oscillation,  but  also  shifted  the  tropospheric  polar  vortex
off  the  pole  toward  East  Asia.  The  associated  downward

 

 

Fig. 8. The potential vorticity (shading; units: PVU), temperature (black contours; units: °C) at the 315-K isentropic
surface, and 528 dagpm geopotential height contour at 500 hPa (red dashed contours) on alternate days from 2 to 8
January 2021.
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Fig.  9. (Left  panel)  Height–latitude  cross  section  of  the  potential  temperature  (dashed  red  contours;  units:  K),  potential
vorticity  (solid  blue contours;  units:  PVU) on the current  day,  and the change of  potential  vorticity  (shading;  units:  PVU)
between the current day and preceding two days averaged between the two green lines in Fig. 7a from 4 to 7 January 2021.
(Right panel) Same as left panel, but for the height–latitude cross section of the change in the geopotential height (shading;
units: dagpm) and vertical velocity (contours; units: Pa s–1).
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propagation  signal  also  contributed  to  the  blocking  high
over  the  Urals–Siberia  region.  Another  blocking  ridge
occurred over western North America as a result of the east-
ward propagation of Rossby wave energy. An IOCP eventu-
ally formed in the East Asia–North Pacific sector; the IOCP
is  the  most  direct  and  impactful  atmospheric  pattern  caus-
ing cold waves in this region. The IOCP triggered a meridi-
onal  cell  with an upward branch in East  Asia  and a  down-
ward branch in Siberia. This meridional cell contributed to a
stronger Siberian high and northerly winds in the lower tropo-
sphere,  which  also  favored  the  southward  intrusion  of  the
cold wave into East Asia.

Our  study  emphasizes  the  unique  role  of  downward
propagation of this major SSW on the extreme cold wave in
East  Asia  in  early  January  2021.  The  SSW event  occurred
on  2  January  2021,  and  the  extreme  cold  wave  in  China
occurred four days later. Hence, SSW may be a good predict-
and of extreme cold events at northern midlatitudes. The res-
ults  of  this  study  are  consistent  with  those  of  our  previous
study  (Si  et  al.,  2021),  which  shows  that  the  IOCP  is  the
most  direct  and  important  atmospheric  pattern  responsible
for  extreme cold  waves  in  East  Asia  in  January  2016.  The
influences of SSW on this extreme cold wave in East Asia
have  also  been  confirmed  by  other  studies  (Zhang  et  al.,
2021a; Yu et al., 2022). Moreover, the tropospheric dynam-
ics  also  played  an  important  role  in  the  occurrence  of  this
extreme cold wave. The synergistic effect of the warm Arc-
tic and the cold tropical Pacific in winter 2020/21 is sugges-
ted to have been an indispensable background for this cold
wave  (Zheng  et  al.,  2021).  It  has  also  been  found  that  the
Ural blocking high, negative phase of the Arctic Oscillation
(Bueh  et  al.,  2022; Yao  et  al.,  2022),  and  enhancement  of
the  Siberian  high  (Wang  et  al.,  2021)  all  played  important

roles.  Moreover,  the low Arctic sea ice cover is  thought to
be a precursor signal of this extreme cold wave in East Asia
(Dai et al., 2021; Yao et al., 2022).
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Fig.  10. Schematic  diagram  of  the  influence  of  the  major  SSW  event  on  the  extreme  East
Asian  cold  wave  in  January  2021.  SSW,  stratospheric  sudden  warming;  SPV,  stratospheric
polar  vortex;  AO,  Arctic  Oscillation;  PV,  potential  vorticity;  SH,  Siberian  high;  UB,  Ural
blocking; Merid., Meridional; IOCP, inverted omega-shaped circulation pattern.
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