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ABSTRACT

Three  extreme  cold  events  successively  occurred  across  East  Asia  and  North  America  in  the  2020/21  winter.  This
study  investigates  the  underlying  mechanisms  of  these  record-breaking  persistent  cold  events  from  the  isentropic  mass
circulation  (IMC)  perspective.  Results  show that  the  midlatitude  cold  surface  temperature  anomalies  always  co-occurred
with the high-latitude warm anomalies, and this was closely related to the strengthening of the low-level equatorward cold
air branch of the IMC, particularly along the climatological cold air routes over East Asia and North America. Specifically,
the two cold surges over East Asia in early winter were results of intensification of cold air transport there, influenced by
the Arctic sea ice loss in autumn. The weakened cold air transport over North America associated with warmer northeastern
Pacific sea surface temperatures (SSTs) explained the concurrent anomalous warmth there. This enhanced a wavenumber-1
pattern and upward wave propagation, inducing a simultaneous and long-lasting stronger poleward warm air branch (WB)
of the IMC in the stratosphere and hence a displacement-type Stratospheric Sudden Warming (SSW) event on 4 January.
The  WB-induced  increase  in  the  air  mass  transported  into  the  polar  stratosphere  was  followed  by  intensification  of  the
equatorward cold branch,  hence promoting the occurrence of  two extreme cold events  respectively over  East  Asia in the
beginning of January and over North America in February. Results do not yield a robust direct linkage from La Niña to the
SSW event,  IMC changes,  and  cold  events,  though the  extratropical  warm SSTs are  found to  contribute  to  the  February
cold surge in North America.
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Article Highlights:
•  The occurrence of cold extremes is closely related to a stronger equatorward cold air branch of the isentropic meridional

mass circulation (IMC).
•  Coupling  between  the  poleward  warm  branch  and  the  cold  branch  of  the  IMC  via  planetary  waves  accompanied  the

stratospheric sudden warming (SSW) event.
•  The cold  branch of  the  IMC strengthened over  East  Asia  before  the  SSW event  but  strengthened over  North  America

after the SSW event, causing the successive cold extremes.
•  Low autumn sea ice and warm winter extratropical sea surface temperatures have a robust impact on the variability of the

IMC in winter. 
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1.    Introduction

Three extreme cold events invaded the midlatitude con-
tinents  in  the  Northern  Hemisphere  in  the  2020/21  winter.
Two  extreme  cold  events  successively  occurred  over  East
Asia during 29–31 December 2020 and during 6–8 January
2021.  The  second  extreme  cold  event  is  called  the  “boss
level,”  with  58  meteorological  stations  in  China  observing
the  most  extreme  low  temperatures  since  1951  (Dai  et  al.,
2021; Zhang  et  al.,  2021).  Furthermore,  these  two  events
were  preceded  by  one  moderately  strong  cold  surge  in  the
middle  of  December.  Afterwards,  another  extreme  cold
event  took  place  in  North  America  during  5–22  February
2021, causing drastic and sudden temperature drops and set-
ting new low-temperature records. Such extreme cold temper-
atures were combined with several rounds of snow and ice
storms,  leaving  millions  of  people  without  power.  Texas
was hit particularly hard. A more detailed description of the
three  extreme  cold  events  is  given  in  Zhang  et  al.  (2021).
Such  a  frequent  occurrence  of  extreme  cold  events  within
the  same winter  season is  rarely  seen,  making the  2020/21
winter unique.

Another reason for the uniqueness of the 2020/21 win-
ter  is  the  remarkable  anomalies  of  various  forcing  mecha-
nisms  on  atmospheric  general  circulation,  including  tropi-
cal  Pacific  sea  surface  temperatures  (SSTs),  extratropical
Pacific and Atlantic SSTs, and sea ice and the stratospheric
polar vortex in the high latitudes (Fig. 1). These anomalies
have  been  reported  in  many  previous  studies  to  be  closely
related to extreme cold events, and some pioneering studies
have highlighted the 2020/21 winter (e.g.,  Dai et al.,  2021;
Zhang et al., 2021).

Firstly,  observations  show  that  La  Niña  conditions  in
the  tropical  Pacific  developed,  peaking  in  November  2020
as a moderate strength event (Fig. 1a) that persisted during
February–April.  Usually  a  La  Niña  event  has  a  temporary
global cooling effect. For East Asia, changes brought about
by a  La Niña event  can lead to  strengthened convection in
the  western  Pacific,  which  favors  cold  air  surges  via  the
Pacific–East  Asian  teleconnection  and  an  anomalous
Walker  circulation  (Wang  et  al.,  2000; Sakai  and  Kawa-
mura, 2009; He and Wang, 2013; Abdillah et al., 2017; Ma
and Chen, 2021). The weather impacts of La Niña events on
North  America  are  forced  high  pressure  anomalies  in  the
North  Pacific  and  a  northward  shift  of  the  winter  storm
track  such  that  it  passes  through  the  Southwest  United
States less frequently. This leads to potentially fewer storms
passing  through  the  region.  These  circumstances  increase
the  odds  for  above-/below-  average  precipitation  and
cold/warm temperatures in the Northeast/Southwest  United
States  during  cool-season  months  (e.g.,  Ropelewski  and
Halpert,  1986; Shabbar  and  Khandekar,  1996; Shabbar  et
al., 1997).

The  extratropical  ocean  thermal  anomaly  in  the
2020/21  winter  was  characterized  by  the  significantly
above-normal SSTs over the northeastern North Pacific and
the northwestern Atlantic off the east coast of North Amer-

ica (Zhang et al., 2021), as shown in Figs. 1c–1d. The warm
North  Atlantic  SSTs  were  in  their  strongest  state  around
November–December 2020 and remained above-normal by
more  than  one  standard  deviation  until  March  2021.  The
northeastern  North  Pacific  was  found  to  have  even  more
abnormally warm SSTs (above normal by two to three stan-
dard deviations) until December, after which they gradually
cooled  back  to  normal.  The  2020/21  winter  extratropical
SST  anomalies  over  the  North  Pacific  (Fig.  1e)  resembled
the  negative  phase  of  the  North  Pacific  Gyre  Oscillation
(NPGO).  Such  warm  SSTs  over  the  northeastern  North
Pacific off the west coast of North America, as a local bound-
ary forcing mechanism, have been demonstrated to be able
to cancel out the cooling effect of La Niña over North Amer-
ica,  leading  to  abnormal  warmth  there  (Hoerling  and
Kumar, 1997; Shabbar and Yu, 2009). But such a relation is
not  always  true.  Taking  the  2013/14  winter  for  instance,
there  was  an  NPGO-type  marine  heatwave  event  (Joh  and
Di  Lorenzo,  2017),  but  there  were  extremely  cold  condi-
tions in North America from January until early spring.

Meanwhile,  the  Arctic  sea  ice  extent  reached  its  sec-
ond-lowest  record  since  1979  in  September  2020  (NASA,
2020), and its anomaly fell below –2 standard deviations in
October, as shown in Fig. 1b. Low sea ice extent in autumn
modulates  the  meridional  temperature  gradient,  which  can
effectively change the zonal wind, planetary waves, and mid-
latitude  weather  and  climate  in  winter  (Petoukhov  and
Semenov, 2010; Francis and Vavrus, 2012; Liu et al., 2012;
Screen and Simmonds,  2013; Luo et  al.,  2016; Sorokina et
al.,  2016; Sun  et  al.,  2016; Yao  et  al.,  2017; Zhang  et  al.,
2020).

Moreover,  a  Stratospheric  Sudden  Warming  (SSW)
event,  which  is  the  most  dramatic  stratospheric  phe-
nomenon, occurred in the beginning of January (Lee, 2021;
Lu et  al.,  2021).  This  was  a  displacement-type  SSW event
based on the definition of Charlton and Polvani (2007), but
it looked like a displacement-split type SSW event based on
Choi  et  al.  (2019, 2021)  with  an  abnormally  long  duration
(> 2 weeks). Accompanying this SSW event was the Arctic
Oscillation in its negative phase at the surface, which lasted
for  two  months.  It  is  widely  accepted  that  after  an  SSW
event, the stratospheric circulation anomalies tend to propa-
gate downward via wave-mean flow interaction, enhancing
the negative phase of  the Arctic  Oscillation (AO) and cold
events in the midlatitudes (Thompson et  al.,  2002; Kenyon
and Hegerl, 2008; Tomassini et al., 2012; Huang and Tian,
2019).  Particularly  for  vortex  displacement  events,  cold
anomalies tend to occur over the southeastern United States
within  one  to  two  months  after  the  central  dates  of  SSW
events,  but  they  tend  to  occur  over  Eurasia  during  the  one
month ahead of the central dates of SSW events (Mitchell et
al.,  2013,  Kidston  et  al., 2015; Lehtonen  and  Karpechko,
2016; Yu et al., 2018a). Choi et al. (2021) found that a dis-
placement-split type SSW event always has the most robust
response  from  the  central  to  eastern  North  America  cold
events.
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Fig. 1. Monthly time series of anomalies of (a) Niño-3.4 index, (b) Arctic sea ice extent index, (c)
SST  averaged  over  the  northeastern  Pacific  region  (120°–160°W,  20°–60°N),  and  (d)  SST
averaged  over  the  northwestern  Atlantic  region  (50°–80°W,  20°–60°N)  from  August  2020  to
March  2021.  (e)  The  2020/21  winter  (November–March)  mean  SST  anomalies  (units:  K).  The
black  boxes  indicate  the  northeastern  Pacific  region  and  northwestern  Atlantic  region.  Dots  and
dashed  curves  indicate  the  ±1  standard  deviation  for  each  month.  Anomaly  values  below –1
standard deviation are highlighted by red or blue colored bars.
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The  isentropic  meridional  mass  circulation  (IMC)  is
essentially a Hadley-type mass circulation from the equator
to the poles, forced by both diabatic heating/cooling and an
eddy-induced  forcing  mechanism  (Gallimore  and  Johnson,
1981; Townsend and Johnson, 1985; Johnson, 1989).  With
potential  temperature  as  the  vertical  coordinate,  the  IMC
framework naturally separates the warm and cold air masses
and can be considered as a semi-Lagrangian view on the gen-
eral circulation of the atmosphere. The IMC is comprised of
net  poleward  mass  transport  in  the  upper  isentropic  layers
(the warm air branch, denoted as WB) and an equatorward
mass  transport  in  the  lower  isentropic  layers  (the  cold  air
branch, denoted as CB), as shown in Fig. 2a. In the extratrop-
ics,  there  is  poleward  mass  transport  leeward  (east)  of  a
trough and equatorward mass transport windward (west) of
a trough (Fig. 2b). The climatological routes for the cold air
intrusion are mainly through East  Asia and North America
(Fig. 2d), while the routes for warm air into the polar region
are through the Pacific and Atlantic oceans (Fig. 2c). The driv-

ing force of the IMC in the midlatitudes and subpolar region
is  the  presence  of  baroclinically  amplifying  waves,  which
lead to more warm air being transported poleward before a
trough than being transported equatorward after a trough in
the  upper  isentropic  layers  and  more  cold  air  being  trans-
ported equatorward in the lower isentropic layers. In particu-
lar,  the  planetary  waves,  which  are  critical  for
stratosphere–troposphere  coupling,  play  the  dominant  role
in driving the hemispheric IMC and determining its variabil-
ity (Yu et al., 2018c). Therefore, the IMC framework is per-
haps the most direct way of viewing the cold air outbreaks
and  studying  the  linkage  of  cold  air  outbreaks  to  strato-
spheric  variability  (Iwasaki  and  Mochizuki,  2012; Iwasaki
et al., 2014; Shoji et al., 2014; Yu et al., 2015a, b, c; Cai et
al., 2016; Abdillah et al., 2017).

In  this  study,  we  intend  to  examine  the  characteristics
of  the  IMC  and  associated  cold  and  warm  air  activities  to
establish  a  physical  linkage  among  the  warm  and  cold  air
branches  of  the  IMC,  SSW,  and  extreme  cold  events  that

 

 

Fig. 2. Winter climatology of the isentropic meridional mass circulation (108 kg s−1) derived from ERA-5 in the period 1980–2010.
(a)  Zonally integrated meridional  mass flux at  various latitudinal  bands and isentropic layers,  (b)  meridional  mass flux (shadings)
and zonal deviation of geopotential  height (contours)  at  60°N at  various isentropic layers,  and the meridional  mass flux vertically
integrated within (c)  the poleward warm branch (WB) and (d)  the equatorward cold branch (CB) of  the IMC. The black curve in
panels  (a)  and  (b)  indicates  the  winter  mean boundary  isentropic  level  between the  CB and WB.  The  dashed  black  line  indicates
60°N. Arrows in panels (a, c, d) highlight the movement of air mass.
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occurred in the 2020/21 winter. Through the following discus-
sion on the relation of the IMC variability in winter with the
tropical and extratropical SSTs and Arctic sea ice, this study
helps  advance  our  understanding  of  how background  forc-
ing  contributes  to  the  occurrence  of  record-breaking
extreme cold events in the 2020/21 winter. 

2.    Data and methods

The datasets used in this study include the temperature
(T2m),  pressure  (Ps),  and  meridional  wind  (vs)  at  the  sur-
face and the three-dimensional air temperature (T), geopoten-
tial  height  (z),  and  meridional  wind  (v),  which  are  derived
from  the  6-hourly  ERA5  dataset  [Copernicus  Climate
Change  Service  (C3S)]  for  the  42  winters  from  1  Novem-
ber 1979 to 28 February 2021 (Hersbach et al., 2020). These
data have a horizontal resolution of 1.5° × 1.5° and include
37  pressure  levels  from  1000  hPa  to  1  hPa.  Three-dimen-
sional and surface potential temperature fields are obtained
from the temperature fields at the various pressure levels.

We use the same methods as Yu et al. (2015a, b, c) to cal-
culate  variables  associated  with  the  IMC  (including  isen-
tropic air mass and meridional mass fluxes as a function of
potential  temperature,  longitude,  and  latitude)  from  daily
fields.  Each  of  the  42  winters  lasts  for  120  days  from  1
November  of  the  current  year  to  28  February  of  the  next
year.

√
1000/p

We  also  analyze  Plumb  wave-activity  fluxes  to  study
the  three-dimensional  propagation  of  planetary  waves,
which  are  the  main  drivers  of  the  IMC in  the  extratropics.
By  strictly  following  Plumb  (1985),  we  derive  the  Plumb
wave-activity  flux  from  the  geopotential,  air  temperature,
and the zonal and meridional components of the geostrophic
wind velocity. Since the magnitudes of wave-activity fluxes
vary  remarkably  from  the  troposphere  to  the  stratosphere,
we multiply the fluxes by  when plotting, in order
to better present the propagating feature of Rossby waves.

The  daily  climatological-mean  IMC  and  wave  flux
fields are obtained by averaging the data across the 42 years
for  each  calendar  day  from  1  November  to  28  February.
Daily anomalies are obtained by removing the daily climatol-
ogy from the total fields.

To measure the anomalous signals  in the SST forcing,
the  Niño-3.4  index  (https://psl.noaa.gov/data/timeseries/
monthly/NINO34/)  is  used  to  denote  the  phase  of  ENSO.
To  be  comparable  to  the  2020/21  winter,  seven  moderate
and strong La Niña winters from 1979 to 2020 are selected
(these  events  are  defined  by  five  consecutive  overlapping
three-month  periods  with  Niño-3.4  anomalies  at  or  below
–1  K).  The  daily  SST  fields  on  a  0.25°  ×  0.25°  grid  are
obtained  from  the  NOAA  High-resolution  Blended  Analy-
sis  of  Daily  SST  (https://psl.noaa.gov/data/gridded/data.
noaa.oisst.v2.highres.html).  The  northeastern  Pacific  mean
SST  is  derived  as  the  average  over  the  box  region  of
120°–160°W,  20°–60°N,  and  the  northeastern  Atlantic
mean  SST  is  derived  as  the  average  over  50°–80°W,

20°–60°N.  Abnormally  warm  extratropical  SST  years  are
selected when the monthly regional mean SST exceeds the cli-
matological mean by at least one standard deviation.

Arctic  sea  ice  change  is  measured  by  the  satellite-
retrieved  sea  ice  extent  (SIE)  monthly  data  obtained  from
NSIDC  (http://nsidc.org/data/seaice/data_summaries.html),
and the low SIE years are defined when the September SIE
is below normal by at least one standard deviation.

The  information  on  historical  displacement-type  SSW
events  following  the  definition  of  Charlton  and  Polvani
(2007) is obtained from Lehtonen and Karpechko (2016) for
1979–2016 and Rao et al. (2018, 2019), Lee (2021), and Lu
et  al.  (2021)  for  2017–21,  respectively.  Fifteen  displace-
ment-type SSW events in total were selected from the 42 win-
ters (December–February) from 1979 to 2021. 

3.    Relationship  among  the  IMC,  SSW,  and
extreme cold events in the 2020/21 winter

 

3.1.    Physical linkage between the CB and cold events

Displayed in Figs. 3c, 3f, and 3i are the anomaly fields
of surface air temperature zonally averaged over entire lati-
tude  circles,  East  Asia  (60°–145°E),  and  North  America
(90°–150°W),  respectively.  We  can  see  two  cold  periods
over  midlatitude  East  Asia  (i.e.,  10–20  December  and  25
December–10  January)  and  one  cold  period  over  midlati-
tude North America (i.e., 10–20 February). The cold tempera-
tures in the midlatitudes were a direct result of the enhanced
southward  intrusion  of  the  polar  cold  air  mass,  as  mani-
fested  by  the  equatorward  propagation  of  positive  anoma-
lies of isentropic air mass below 270 K (shadings in Figs. 3f
and 3i). Accompanying the negative temperature anomalies
and  positive  cold  air  mass  anomalies  in  the  midlatitudes
were  the  positive  temperature  anomalies  and negative  cold
air mass anomalies in the high latitudes. The cold air mass
and surface temperature anomalies in high and middle lati-
tudes  exhibited  almost  out-of-phase  variations  over  both
East Asia and North America.

Seen from the evolution of meridional mass flux anoma-
lies  within the CB below 270 K respectively over  the East
Asian and North American sectors (bottom panels of Figs. 3e
and 3h),  there  were  negative  meridional  mass  flux  anoma-
lies across the polar circle, indicating a strengthened equator-
ward  transport  of  polar  cold  air  over  East  Asia  and  North
America several days before the cold/warm surface tempera-
ture anomalies in middle/high latitudes. Such leading relation-
ships of the cold air transport of the IMC with extratropical
temperatures can be seen more clearly from Figs. 4b and 4c.
The  strengthened  equatorward  cold  air  transport  in  East
Asia  and  North  America  dominated  the  three  rounds  of
strengthened CBs of the IMC and thus the cold air mass redis-
tribution between the high and middle latitudes over entire lat-
itudinal bands (bottom panel of Figs. 3b and 3c).

It  is  important  to  point  out  that  the  maximum intensi-
ties  of  the  negative  daily  meridional  mass  flux  over  East
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Asia (25 December–10 January) and North America (10–20
February)  exceed  the  97th  percentile  of  the  historical
records from 1979 to 2021. Such extremely strong equator-
ward  cold  air  transport  at  60°N  in  the  2020/21  winter
brought an extra hundred billion tons of polar cold air mass
into the midlatitude continental areas, explaining the record-
breaking intensity of these extreme cold events. 

3.2.    The  coupling  between  the  CB  and  WB  responsible
for the occurrence of the SSW event

Next, we explain the relationship between the SSW and
extreme cold events in the 2020/21 winter in view of the cou-
pling between the equatorward CB and the stratospheric por-
tion of the poleward WB of the IMC. Seen from the upper
panels of Figs. 3e and 4a, over the East Asian sector, accom-
panied  by  the  strengthened  equatorward  cold  air  transport,
was a stronger poleward warm air mass transport in the strato-
sphere above 400 K in a  quite  long period from 9 Decem-
ber  to  10  January.  Such  vertical  coupling  of  meridional
mass transport across the polar circle in opposite directions
is  expected  to  be  achieved  by  stronger  planetary  waves  of

deep  structure  (Johnson,  1989; Yu  and  Ren,  2019).  The
regionally  strengthened  warm  air  mass  adiabatically  trans-
ported into the polar stratosphere dominantly contributes to
the strengthened WB of the IMC across the entire latitude cir-
cle (upper panels of Figs. 3b and 4b), leading to a continu-
ous increase/decrease in the total warm air mass within the
polar/midlatitude  stratosphere  from  December  to  mid-Jan-
uary (Fig. 3a). As a result, there were large positive anoma-
lies of temperature at  50 hPa and total  column mass above
400  K  (proportional  to  pressure)  in  the  polar  region  from
the  end  of  2020  to  mid-February  2021  (Figs.  3a, 3d,  and
3g). Therefore, the accumulative effects of anomalous adia-
batic mass transport due to dynamical processes lead to a sig-
nificantly weakened stratospheric polar vortex at a lag time
of about two weeks, consistent with Yu et al. (2018b).

Because  the  stronger  poleward  warm  air  mass  trans-
port  is  mainly over the East  Asian sector with a maximum
around 60°N, there was a loss of air mass in the middle lati-
tudes but a gain of polar warm air mass in the East Asian sec-
tor. This explains the following negative anomalies of temper-
ature at 50 hPa and mass above 400 K (proportional to pres-

 

 

Fig. 3. The latitude-time evolution of anomaly fields of temperature, geopotential height, and the IMC and total field of zonal wind
in  the  2020/21  winter.  (a)  Zonally  integrated  air  mass  above  400  K  (shadings,  1014 kg)  and  zonal  mean  temperature  at  50  hPa
(contours, K); (b) Zonally integrated meridional mass fluxes within the stratospheric component of warm branch of IMC (WB_ST )
above 400 K and within the CB below 270 K (shadings, 109 kg s–1), overlayed by zonal wind at 50 hPa (m s–1) and surface pressure
anomaly (hPa), respectively (contours); (c) Zonally integrated air mass below 270 K and zonal mean temperature near surface. (d–f)
and (g–i) are the same as (a–c) but for zonal integration or zonal mean over the East Asian longitudinal range (60°–145°E) and North
American  longitudinal  range  (150°–90°W),  respectively.  The  green  box  indicates  the  period  of  the  SSW.  Red  and  blue  arrows
highlight the poleward warm air transport and the equatorward cold air transport across 60°N.
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sure) in the middle latitudes of East Asia (Fig. 3d), which fur-
ther led to the stratospheric polar vortex shift towards lower
latitudes over East Asia. The reverse of the temperature gradi-

ent and zonal wind were also observed mainly over the East
Asian sector (Figs. 3d and 3e) rather than the North Ameri-
can sector (Figs. 3h). Therefore, it is the anomalously strong

 

 

Fig. 4. Time series of zonally integrated meridional mass flux anomalies across 60°N (units: 109 kg s–1)
(a) within the WB_ST  and (b) CB of the IMC, and zonal mean (c) midlatitude surface temperature
anomaly  (units:  K)  over  all  longitudinal  bands  (bars),  East  Asian  longitudinal  range  (black  solid
curve),  and North  American  longitudinal  range  (black  dashed curve)  from 1  December  2020 to  28
February 2021.  The zonally  integrated meridional  mass  flux anomalies  within the  WB_ST over  all
longitudes are magnified by a scale factor of 10. Vertical blue lines indicate the negative peaks in the
time series of the CB and surface air temperature. “C over EA” indicates the cold event occurred in
East Asia and “2C over EA" indicates the two extreme cold events occurred in East Asia; “ C over
NA"  indicate  the  cold  event  occurred  in  North  America.  “C  over  EA ”indicates  the  cold  event
occurred  in  East  Asia  and  “2C  over  EA" indicates  the  two  extreme  cold  events  occurred  in  East
Asia; “ C over NA" indicate the cold event occurred in North America.
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WB of the IMC in the East Asian sector that gave rise to the
displacement-type SSW event on 4 January 2021.

The  longitudinal  profile  of  the  monthly  mean  anoma-
lies  of  meridional  mass  transport  across  60°N  and  the
Plumb  wave-activity  fluxes  at  various  isentropic  layers
(Figs.  5a–5c)  also show that  in  December,  which is  before
the  SSW  event,  wave-activity  fluxes  were  anomalously
upward and converged at levels above 350 K, mainly in the
East  Asian  sector.  Since  the  anomalously  warm  tempera-
tures over North America were in accompaniment with the
successive  cold  events  over  East  Asia,  resembling  the  sur-
face air temperature response to strengthened wavenumber-
1  wave  pattens,  the  wavenumber-1  planetary  wave  should
be the main contributor to the anomalous IMC and thus the
occurrence of the displacement-type SSW event, as reported
by Lu et al. (2021). 

3.3.    The  coupling  between  the  CB  and  WB  responsible
for the impact of the SSW event on the extreme cold
events

The weaker stratospheric polar vortex during the displace-
ment-type SSW event also played a positive role in intensify-
ing the extreme cold events over East Asia in the beginning
of  January  and  promoting  the  occurrence  of  the  extreme
cold event over North America in February. The physical pro-
cess  involved  in  such  a  downward  impact  from the  strato-
sphere  on  the  tropospheric  weather  can  be  easily  under-
stood in view of mass changes in the upper levels and in the
total column induced by the IMC variability.

Firstly,  we see  that  the  positive  mass  anomalies  in  the
polar stratosphere since 23 December (Figs. 3a and 4a) corre-
spond well to the southward expansion of the polar surface
high anomalies  from 25 December to 10 January (Figs.  3b
and 3e).  The  in-phase  relation  between  the  stratospheric
mass  and  surface  pressure  (proportional  to  total  column
mass)  suggests  that  the  additional  polar  air  mass  in  the
upper  levels  is  able  to  increase  the  total  column  mass  and
thus  the  polar  surface  high,  promoting its  southward intru-
sion.  This  may  partly  explain  why  the  intensity  and  dura-
tion of the equatorward cold air transport during 25 Decem-
ber–10  January  significantly  exceeded  those  in  10–20  De-
cember.

Secondly,  the continuously positive mass anomalies in
the  polar  stratosphere  until  mid-February  (Figs.3a and Fig.
4a)  were  also  in-phase  with  the  positive  surface  pressure
anomalies in the polar region and the small negative anoma-
lies  in  the  midlatitudes  (Fig.  3b),  suggesting  that  the  addi-
tional warm air mass in the upper layers associated with the
SSW  event  made  important  contributions  to  extending  the
negative  phase  of  the  AO  at  surface.  A  negative  phase  of
the  AO is  well  recognized as  a  favorable  condition  for  the
occurrence of strong cold surges in midlatitudes. Moreover,
it  is  seen  from Fig.  3h that  after  the  westerlies  reversed  in
the  East  Asian  sector  during  the  displacement-type  SSW
event,  tropospheric  planetary  waves  can  propagate  upward
only through the North American sector, where the wester-
lies  were  still  existent.  It  is  seen  from Fig.  5b that  upward

wave  fluxes  in  January  were  found  in  the  central  North
Pacific  and  zonal  convergence  of  wave  fluxes  at  levels
above 350 K occurred mainly in the North American sector.
These upward propagated waves strengthened the poleward
warm air transport into the polar vortex from the North Ameri-
can side during the three weeks following the occurrence of
the  SSW  event  (i.e.,  5  January–1  February)  (Figs.  3h and
4a).  Then  after  the  upper  warm  air  reached  the  high  lati-
tudes,  the  polar  temperature  at  50  hPa  and  total  air  mass
above  400  K  were  significantly  increased  again  around
1–10 February in the North American sector (Fig. 3g). Due
to  the  mass  gain  in  the  upper  levels,  the  surface  pressure
over  the  North  American  sector  also  reached  a  maximum
and moved southward in the same period (contours in bot-
tom  panel  of Fig.  3h),  corresponding  to  the  blocking  high
strengthening over the Baffin Bay and Greenland (Zhang et
al., 2021). The anomalous high pushed more cold air equator-
ward,  consistent  with  the  strengthened  equatorward  mass
transport  at  lower  isentropic  layers  (Fig.  3h).  In  brief,  the
AO negative phase and the strengthening of the IMC in the
North American sector, closely related to the displacement-
type  SSW event,  collaboratively  contributed  to  the  record-
breaking cold event that occurred in North America in mid-
February.

Therefore, from the IMC view, the extreme cold events
over East Asia and North America have close relationships
with  the  displacement-type  SSW  event,  both  of  which  are
results of coupling variations of the WB and CB of the IMC
at different continental sectors. 

4.    Other  possible  influencing  factors  of  the
anomalous IMC

Two questions still remain: 1) what are the main tropo-
spheric factors leading to the stronger wavenumber-1 wave-
driven  IMC  and  thus  the  related  surface  temperature  pat-
terns (i.e., cold midlatitude East Asia and warm midlatitude
North  America)  from  mid-December  to  early-January?  2)
Besides the downward impact from the SSW, what are the
roles of tropospheric factors in contributing to the IMC and
its related extreme cold event over North America in Febru-
ary? To tentatively address the remaining questions, we con-
ducted a composite analysis to investigate the historical fea-
tures of the IMC during winters characterized by boundary
forcing  mechanisms  including  La  Niña,  warm  SSTs  over
the North Pacific and the North Atlantic, low sea ice extent,
and  the  occurrence  of  displacement-type  SSW  events,
which  are  the  main  features  found  in  the  2020/21  winter.
Note  that  with  the  long-term  trend  removed,  the  unique
anomalies  of  the  Niño-3.4  index,  SSTs  over  the  North
Pacific and the North Atlantic, and low sea ice extent shown
in Fig.  1 can  still  be  seen.  Nevertheless,  since  the  occur-
rence of extreme cold events may be related to global warm-
ing  (Dai  et  al.,  2021; Zhang  et  al.,  2021)  and  many  of  the
defining characteristics of this winter are based on the “his-
tory records” (the climatology) without removing the global
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warming  trend,  the  composite  analysis  in  this  section  is
based  on  the  raw  indices  without  detrending.  The  years,
months, and days to be used in the composites are listed in
Table  1. Figures  5d–r illustrate  the  longitudinal  profile  of
the  monthly  mean  anomalies  of  meridional  mass  transport
and Plum wave-activity fluxes at 60°N at various isentropic
layers composited for winters with various forcing.

It  is  seen  from Figs.  5a and 5b that  during  the  period
from December 2020 to January 2021, the equatorward air
transport  was  anomalously  strong  via  the  entire  longitudi-
nal span of East Asia and is responsible for the extreme cold
conditions there in the early winter  months.  Such strength-

ened equatorward air transport could be mainly contributed
from the low autumn Arctic sea ice extent,  as indicated by
the  significant  negative  meridional  mass  flux  anomalies
across 60°N in 60°–120°E (Fig. 5m). One way of understand-
ing the effect of Arctic sea ice on the enhanced cold air trans-
port  route  is  via  the  formation of  Ural  blocking during the
first  extreme  cold  event  over  East  Asia  (Lu  et  al.,  2021;
Zhang et al., 2021), since the Arctic sea ice loss in the Bar-
ents  and Kara Seas can enhance the Ural  blocking through
generating  a  wave  train  (Luo  et  al.,  2016; Zhang  et  al.,
2021). In addition, the equatorward meridional mass fluxes
also  tend to  be  stronger  over  the  Eurasian  span in  associa-

 

 

Fig. 5. The longitudinal profile of the monthly mean anomalies of meridional mass fluxes across 60°N (shadings, 109 kg s–1,
positive/negative values indicate anomalously northward/southward mass fluxes) and Plum wave-activity fluxes (vectors, m2

s–2)  at  various  isentropic  layers).  (a–c)  Observations  in  the  2020/21  winter;  Composites  for  (d–f)  moderate  and  strong  La
Niña  years;  (g–i)  Warm  northwestern  Pacific  (120°–160°W,  20°–60°N)  SST  years;  (j–l)  Warm  northeastern  Atlantic
(50°–80°W,  20°–60°N)  SST  years;  (m–o)  Low  autumn  sea  ice  extent  years;  (p–r)  Composites  for  the  period  one  month
before, one month after, and two months after the central dates of displacement-type SSW events. Years for composites are
listed  in  Table  1.  Dots  in  (d–r)  indicate  composites  above  the  90%  confidence  level,  and  only  the  composites  of  wave-
activity  fluxes  above  the  90% confidence  level  are  shown.  The  Student's  t-test  is  used  for  the  statistical  significance  test.
Contours are the winter climatology of meridional mass transport at 60°N (109 kg s–1).
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tion with Decembers with above-normal SST over the north-
eastern Pacific and northwestern Atlantic (Figs. 5g and 5j).
La  Niña  tends  to  be  associated  with  weaker  equatorward
cold  air  transport  in  December  and  stronger  equatorward
cold  air  transport  in  January  (Figs.  5d and 5e).  However,
these  relationships  are  not  statistically  significant.  In  the
meantime, the climatological route of cold air via the longitu-
dinal span of North America (90°–150°W) was weakened in
December  2021,  as  indicated  by  the  positive  anomalies  of
meridional mass fluxes below 270 K (Fig. 4a). The weaken-
ing of equatorward transport of cold air is within the lower
isentropic layers, in contrast with the strengthening of equator-
ward transport above. A likely explanation could be the lack
of  cold  air  mass  locally,  potentially  attributed  to  the  warm

SST  over  the  northeastern  Pacific  (Fig.  5g).  We  can  con-
clude that the decreased temperature gradient and blockings
induced by low autumn Arctic sea ice make the most contribu-
tions to the East Asian cold events, whereas the local warm-
ing  effect  of  abnormally  warm  SST  over  the  northeastern
Pacific is the main factor leading to the anomalous warmth
in North America in December.

We turn now to look at  the upper  levels.  The stronger
upward propagated wave fluxes into the upper stratosphere
observed  in  December  and  January  in  the  2020/21  winter
(Figs. 5a and 5b) appear to be highly consistent with those
associated  with  low sea  ice  extent,  as  shown Figs.  5m and
5n. It is also seen that the low SIE-related meridional mass
flux anomalies in the stratospheric layers above 400 K tend

Table 1.   The winters, months, and days used for composite analysis in Fig. 5.

Winters Preceded by Low
September SIE

La Niña
Winters

Warm Northwestern
Pacific Months

Warm Northeastern
Atlantic Months

Central Dates of
Displacement-type SSWDEC JAN FEB DEC JAN FEB

2007/08 2008/09
2010/11 2011/12
2012/13 2015/16
2016/17 2017/18
2018/19 2019/20

2020/21

1988/89
1995/96
1998/99

1999/2000
2007/08
2010/11
2011/12
2020/21

2014
2015
2018
2019
2020

2005
2014
2015
2016
2018
2019
2020
2021

2005
2014
2015
2016
2018
2019
2020

2014
2015
2016
2017
2019
2020

2007
2014
2015
2016
2017
2020
2021

2014
2015
2016
2017
2018
2019
2020
2021

1980/03/01
1981/03/04
1981/12/04
1984/02/24
1987/01/23
1998/12/15
2000/03/20
2001/12/30
2002/02/17
2004/01/05
2006/01/21
2007/02/24
2008/02/22
2019/01/01
2021/01/04

 

 

Fig. 5. (Continued).
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to  be  in-phase  with  the  climatological  field,  leading  to  a
stronger WB in the stratosphere.  These results  suggest  that
the sea ice loss in the Barents-Kara Sea during autumn and
the following early winter  also played an important  role in
promoting  the  upward  propagation  of  planetary  waves  and
thus  disturbing  the  stratospheric  polar  vortex  in  early  win-
ter, as stated in previous studies (Sun et al., 2015; Lu et al.,
2021).  The  warm  SST  over  the  northeastern  Pacific,  as  a
wave source, can also strengthen the upward propagation of
waves  in  60°–120°E,  but  the  strengthening  is  confined
within tropospheric levels below 315 K. The pattern of merid-
ional  mass  flux  anomalies  as  well  as  the  features  of  wave
activities in this early winter strongly resemble the compos-
ite pattern that occurred one month before the displacement-
type  SSW  events  (Fig.  5p)  and  provide  favorable  condi-
tions for the occurrence of the SSW event in the beginning
of January.

In February, which is after the displacement-type SSW
event, the equatorward mass fluxes at 60°N became anoma-
lously  strong  over  the  North  American  continent
(150°–90°W) (Fig. 5c) and were responsible for the extreme
cold  event  there.  Comparison  with  isentropic  meridional
mass flux anomalies associated with various forcing mecha-
nisms, shown in Figs. 5f, 5i, 5l, and 5o, reveals that the abnor-
mally  warm  SSTs  over  both  the  northeastern  Pacific  and
northwestern  Atlantic  act  to  enhance  the  equatorward  cold
air  mass  transport  in  the  region  of  120°–90°W.  The  warm
northeastern Pacific SSTs induced an anticyclonic anomaly,
thus  strengthening  the  northerlies  across  the  North  Ameri-
can  continent,  according  to  Zhang  et  al.  (2021).  La  Niña
also tends to make positive, but not statistically significant,
contributions  to  the  stronger  equatorward  mass  fluxes  at
60°N  over  the  North  American  sector,  which  can  be
explained  by  their  indirect  and  complicated  relationship
with  extratropical  warm  SSTs  (Matsumura  and  Kosaka,
2019; Chen  et  al.,  2020)  and  atmospheric  circulation
changes  over  the  North  Pacific  and  Atlantic  (e.g.,  the
Pacific–North American teleconnection pattern and strength
and  location  of  the  jet)  (Lau  and  Nath,  2001; Lin  and
Derome,  2004; Soulard et  al.,  2019; Mezzina et  al.,  2020).
The  downward  impact  from  the  displacement-type  SSW
event, as discussed in previous section, however, is responsi-
ble for the strengthening of equatorward cold air mass trans-
port  mainly  along  the  west  coast  of  North  America
(150°–120°W)  (Fig.  5r).  Though  this  cold  air  intrusion  is
slightly  westward,  the  meridionally  oriented  Rocky  Moun-
tains  can  guide  the  polar  cold  air  southward  where  it  can
merge into the westerlies, leading to temperature drops over
most  of  the  continent.  Low  Arctic  sea  ice  also  tends  to
induce negative meridional mass fluxes along the west coast
of North America, but this effect is not statistically signifi-
cant  (Fig.  5m).  Nevertheless,  the  role  of  sea  ice  might  be
amplified together with SSW events, according to Zhang et
al. (2020) who stated that North American cold events tend
to occur more frequently following SSW events in the pres-
ence  of  low  Barents–Kara  Sea  sea  ice.  Therefore,  for  the

North  American  extreme  cold  event  in  February  of  2021,
the extratropical warm ocean forcing intensifies the equator-
ward  cold  air  branch  over  the  central  and  eastern  parts  of
North  America.  The downward impact  from displacement-
type SSW events intensifies the equatorward cold air branch
over  the  North  American  west  coast.  The  autumn  sea  ice
may also play a role, along with the occurrence of SSW. 

5.    Concluding remarks

Three striking and impactful extreme cold wave events
successively occurred across  East  Asia  and North America
in  the  mid-winter  of  2020/21.  The  isentropic  mass  circula-
tion (IMC), a semi-Lagrangian framework of atmospheric cir-
culation,  is  utilized  to  understand  the  physical  mechanism
of  these  extreme  cold  events  as  well  as  the  relations
between  the  cold  events  and  the  displacement-type  SSW
event  that  occurred  on  4  January  2021.  Tentative  analysis
on the possible influence from the boundary conditions (sea
surface temperatures and sea ice anomalies) to the IMC varia-
tion and cold events has also been conducted. Our main find-
ings from this case are summarized in Fig. 6.

First of all, the cold temperatures in the midlatitudes, as
well as their out-of-phase relation with surface temperature
anomalies  over  the  high latitudes,  are  closely  linked to  the
day-to-day intensity  variability  of  the  equatorward  cold  air
branch  of  the  IMC  (CB).  The  extremely  strong  equator-
ward cold air transport along the climatological cold air path-
ways over East Asia and the west coast of North America in
the  2020/21 winter  resulted  in  a  significant  net  increase  of
cold  air  mass  in  the  midlatitudes,  leading  to  the  extreme
cold  events.  The  vertical  dynamical  coupling  between  the
CB  at  lower  isentropic  levels  and  the  poleward  warm  air
branch of the IMC (WB) at upper levels can explain the inter-
action  between  cold  extremes  and  the  displacement-type
SSW event.

Combining the analysis results of the other influencing
factors  on  the  waves  and  IMC  variability,  we  briefly
describe the key physical processes involved in these consecu-
tive extreme cold events in the 2020/21 winter in sequence
as follows:

In the early winter:
i)  The  two  cold  surges  over  East  Asia  in  early  winter

were results of intensification of the cold air transport there,
which corresponds to the Arctic sea ice loss in autumn.

ii)  The  weakened  cold  air  transport  over  North  Amer-
ica associated with warmer northeastern Pacific sea surface
temperatures  (SSTs)  explains  the  concurrent  anomalously
warm conditions in North America in December.

iii) The cold events over East Asia and warm tempera-
tures over North America,  together with the sea ice loss in
autumn, favor the intensification of a wavenumber-1 plane-
tary wave in the lower troposphere and its upward propaga-
tion.  This  drove  a  long-lasting  stronger  poleward  transport
of warm air into the polar stratosphere, resulting in the polar
vortex break in the type of displacement towards East Asia.
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The extreme cold event over East Asia in the beginning of
January  was  also  intensified  and  prolonged  by  the  addi-
tional  air  mass  gain  in  the  stratosphere  associated  with  the
strengthened WB upon the displacement-type SSW event.

In February:
i) The cold event over North America in February after

the  displacement-type  SSW  event  turns  out  to  be  influ-
enced  by  the  local  modulation  of  the  IMC  by  the  wave-
mean  flow  interaction  during  the  displacement-type  SSW
event  as  well  as  the  negative  phase  of  the  AO induced  by
the SSW event providing favorable conditions.

ii) In addition to the downward impact from the strato-
sphere,  the  forcing  from  the  extratropical  warm  SSTs
mainly  over  the  northeastern  Pacific  and  northwestern
Atlantic also makes contributions to strengthening the equator-
ward cold air transport over the North American route.

It is noteworthy that our results do not show robust rela-
tionships between La Niña itself and the IMC and the subse-
quent three extreme cold events in the 2020/21 winter. Such
inconsistent  impacts  of  ENSO  on  winter  weather  and  cli-
mate has recently drawn scientists’ attention (Ma and Chen,
2021).  One  reason  for  the  inconsistent  climate  impacts  of
ENSO could be that the analyses in this study only focus on
the  independent  impact  of  various  forcing  mechanisms  on
the  IMC.  But  in  fact,  these  forcing  mechanisms  can  have
active  interactions.  For  instance,  Arctic  sea  ice  variation is
associated  with  ENSO  (Jevrejeva  et  al.,  2003; Liu  et  al.,
2004; Hu et al., 2016; Chen et al., 2020). Cold eastern equato-
rial Pacific SSTs in the previous summer can lead to persis-
tent  tropical  Atlantic  cooling  (Matsumura  and  Kosaka,
2019) and intensification of the upper-level high in the polar
region (Ding et al., 2017; Baxter et al., 2019; Huang et al.,
2021; Luo et al., 2021), which result in Arctic sea ice loss in
autumn. This looks to be the case for 2020 when the Niño-
3.4  index  is  below  normal  in  summer  while  the  sea  ice

extent  is  extremely  low  in  autumn.  ENSO  forcing  during
mid-winter can also affect the extratropical SST anomalies,
particularly  in  late  winter  or  early  spring,  via  modulating
atmospheric circulation changes over the North Pacific and
Atlantic and thus the heat exchange across the local sea–air
interface (Lau and Nath, 2001). In addition, the below-nor-
mal autumn Arctic sea ice in 2020, particularly over the Bar-
ents Sea, has been reported to be related to the warm North
Atlantic and North Pacific SST anomalies via enhanced pole-
ward  intrusion  of  the  warm  water  into  these  two  ocean
regions (Zhang et al., 2021). Moreover, these forcing mecha-
nisms  always  cooperatively,  rather  than  independently,
change the winter climate. For instance, the ENSO-induced
Rossby wave train can cooperate with the Arctic sea ice to
influence the  Eurasian winter  temperature  (Matsumura and
Kosaka, 2019). The relationship between the East Asian win-
ter monsoon and La Niña can be tightened by the cold phase
of the Pacific Decadal Oscillation (Wang et al.,  2008; Kim
et al., 2014), which is also the case for the 2020/21 winter.
The combined effects of the tropical and extratropical ocean
forcing mechanisms, sea ice, and the stratospheric polar vor-
tex on the IMC and continental extreme cold events need fur-
ther investigation through future studies.

As the global warming process will continue unequivo-
cally,  the  land–sea  thermal  contrast  will  increase,  sea  ice
will melt with large regional differences, etc. These effects
will continue to strengthen planetary wave activities, which
are  the  main  driving  force  of  the  IMC.  One  may  expect
changes  in  the  intensity  and  intraseasonal  variations  of  the
IMC over an entire latitude band or specific regions, which
might  indicate  more  occurrences  of  extreme  cold  events.
This  is  also  an  interesting  question  that  should  be  investi-
gated in the future as longer data records become available.
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Fig.  6. Schematic  figure  illustrating  the  interactive  dynamical  processes  between  the  variations  of  the  stratospheric  polar
vortex and extratropical surface temperature responsible for the occurrence of the three extreme cold events from the IMC
perspective, and the possible factors influencing the anomalous variations of the IMC in winter.
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data  used  in  this  work  are  available  from the  official  websites  of
the  ECMWF  (https://cds.climate.copernicus.eu/cdsapp#!/home),
NSIDC  (http://nsidc.org/data/seaice/data_summaries.html),  and
NOAA  (https://psl.noaa.gov/data/timeseries/monthly/NINO34/;
https://psl.noaa.gov/data/gridded/data.noaa.oisst.v2.highres.html).
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