
 
 

The Nature and Predictability of the East Asian
Extreme Cold Events of 2020/21※

Guokun DAI1, Chunxiang LI2, Zhe HAN*2, Dehai LUO2, and Yao YAO2

1Department of Atmospheric and Oceanic Sciences and Institute of Atmospheric Sciences,

Fudan University, Shanghai 200438, China
2CAS Key Laboratory of Regional Climate-Environment for Temperate East Asia, Institute of Atmospheric Physics,

Chinese Academy of Sciences, Beijing 100029, China

(Received 2 February 2021; revised 15 March 2021; accepted 31 March 2021)

ABSTRACT

Three extreme cold events invaded China during the early winter period between December 2020 to mid-January 2021
and  caused  drastic  temperature  drops,  setting  new  low-temperature  records  at  many  stations  during  6−8  January  2021.
These  cold  events  occurred  under  background  conditions  of  low  Arctic  sea  ice  extent  and  a  La  Niña  event.  This  is
somewhat expected since the coupled effect of large Arctic sea ice loss in autumn and sea surface temperature cooling in
the tropical Pacific usually favors cold event occurrences in Eurasia.  Further diagnosis reveals that  the first  cold event is
related to the southward movement of the polar vortex and the second one is related to a continent-wide ridge, while both
the southward polar vortex and the Asian blocking are crucial for the third event. Here, we evaluate the forecast skill for
these three events utilizing the operational forecasts from the ECMWF model. We find that the third event had the highest
predictability since it  achieves the best skill  in forecasting the East Asian cooling among the three events.  Therefore,  the
predictability of these cold events, as well as their relationships with the atmospheric initial conditions, Arctic sea ice, and
La Niña deserve further investigation.
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1.    Introduction

From mid-December 2020 to early January 2021, three strong surges of cold air swept through China, especially East-
ern China. They occurred during 13–15, 29–31, December 2020, and 6–8 January 2021, and caused drastic and sudden tem-
perature drops, with new low-temperature records set in Beijing City, Shandong, Hebei, and Shanxi Provinces. The area-aver-
aged surface air temperature (SAT) anomalies over East Asia (20°–50°N, 100°–120°E) were two standard deviations below
the daily climatology (Fig. 1a). Moreover, the mean SAT fell below the 10th percentile for the period 1979–2019 over wide-
spread areas (Figs. 1b–d). Such severe cold events have significant impacts on public health, agriculture, infrastructure, trans-
portation, and ecosystems and consequently have received broad attention.

Observations show that there was an increased frequency of extreme winter cold events which occurred in Eurasia dur-
ing  the  past  two  decades  (Cohen  et  al.,  2014; 2020; Coumou  and  Rahmstorf,  2012; Johnson  et  al.,  2018).  For  example,
record-breaking low temperatures and severe blizzards affected many regions in East Asia during the 2010/11 winter (Gong
et  al.,  2014).  In  January  2012,  several  cold  surges  invaded  East  Asia  and  two  stations  in  Yunnan  Province  experienced
record-breaking low daily temperatures. Moreover, southern China experienced an extended period of low temperatures, in
addition to rain and snow events, during that period (Wu et al., 2017). In January 2016, a strong cold event affected East
Asia and many stations set their low daily temperature records (Cheung et al., 2016; Song and Wu, 2017; Qian et al., 2018;
Yamaguchi et al., 2019). During the winter of 2017/18, an extreme cold event occurred in East Asia, and record-breaking 
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low  temperatures  were  experienced  over  China,  Japan,  and  Korea  (Tachibana  et  al.,  2019).  The  direct  factor  which
triggered the extreme cold events is tied to a pattern of atmospheric circulation that favors the meridional transport of cold
air from polar regions into East Asia which resulted in the drastic drops of SAT across the region. The atmospheric circula-
tion pattern is usually related to blocking and the North Atlantic Oscillation, noting that these conditions are also modified
by other  factors,  such as  ENSO, the  extent  of  Arctic  sea  ice,  and Eurasian snow cover  (Cheung et  al.,  2012; Park et  al.,
2014; Bollasina and Messori, 2018; Zhang et al., 2019; Li et al., 2021).

The increased frequency of extreme wintertime cold events in Eurasia seems to be related to the loss of Arctic sea ice
(Wu et al., 2011a, b; Liu et al. 2012; Mori et al., 2014). It is probable that the globally-averaged meridional temperature gradi-
ent between the tropics and the Arctic has decreased due to Arctic sea ice loss, thus weakening the upper-tropospheric zonal
wind component over the mid-latitudes in accordance with thermal wind balance. The weakened westerly momentum fur-
ther leads to large amplitude waves within the jet  streams and the associated slowly-propagating synoptic systems which
are known to favor extreme event occurrences (Francis and Vavrus, 2012; Petoukhov et al., 2013; Screen and Simmonds,
2014). Moreover, some investigations pointed out that stratosphere–troposphere coupling is an essential pathway that links
the loss of Arctic sea ice to the SAT cooling in Eurasia (Sun et al., 2015; Zhang et al., 2018). However, there are still many
researchers  who  believe  that  the  increase  in  extreme  event  occurrence  is  caused  by  the  internal  variability  of  the  atmo-
sphere, rather than the loss of Arctic sea ice since the linkage between the Arctic and Eurasia is poorly resolved by numer-
ical models (McCusker et al.,  2016; Blackport and Kushner, 2017; Ogawa et al.,  2018; Blackport et al.,  2019). However,
observations  show  that  the  Arctic  sea  ice  extent  reached  its  second-lowest  on  record  in  September  2020,  since  1979
(NASA, 2020), which, at least from a statistical perspective, appears to increase the likelihood of cold event occurrences in
the following winter.

In addition to the low sea ice extent in the Arctic, the sea surface temperature in the tropical Pacific also plays an import-
ant role in modifying the frequency of Arctic air intrusions. As revealed by previous studies, the sea surface temperature cool-
ing (warming) in the tropical  Pacific  favors the North Pacific  anticyclone (cyclone) formation.  Therefore,  the East  Asian
winter monsoon is stronger (weaker) than usual in La Niña (El Niño) years, which appears to be favorable (unfavorable) to
East Asian cold event occurrences (Wang et al., 2000; Chen, 2002; Sakai and Kawamura, 2009; He et al., 2013; Han et al.,
2016; Zhang et al.,  2019). The La Niña event which began in August 2020 soon developed into its mature phase, which,
according to teleconnections, further supported the likelihood of extreme cold event occurrences during the 2020/21 winter

 

 

Fig. 1. (a) Time series of the SAT (units: °C) in East Asia (20°–50°N, 100°–120°E, red line) from 1 December 2020
to 15 January 2021, which is obtained from the ERA5 reanalysis. The x-axis is the date and the y-axis is the SAT in
East Asia. The black line is the climatology, which is defined as the mean of 1979–2019. The green, blue, and orange
lines  represent  −1.0,  −1.5,  and  −2.0  standard  deviations,  respectively.  The  magenta  shading  indicates  the  extreme
cold  event  periods.  (b)–(d)  are  the  mean  SAT  anomalies  (shading,  units:  °C)  during  13–15  December,  29–31
December  2020,  and  6–8  January  2021,  respectively.  The  dotted  area  indicates  where  the  mean  temperature  fell
below the 10th percentile during the 1979–2019 period. The purple boxes indicate the East Asia region (20°–50°N,
100°–120°E).
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(CPC, 2021).
Both the Arctic sea ice and the sea surface temperature in the tropical Pacific provide favorable preconditions for the

extreme cold event occurrences in the winter of 2020/21. However, these two factors alone cannot fully explain the extreme
cold event occurrences. 

2.    Data and methods

The ERA5 reanalysis data that are used to identify the extreme cold events are obtained from the Copernicus Climate
Data Store (https://cds.climate.copernicus.eu/#!/search?text=ERA5&type=dataset). The ERA5 reanalysis data are based on
the Integrated Forecasting System release Cy41r2, which was operational in 2016, with a truncation of 639 waves in the hori-
zontal (approximately 31 km) and 137 levels up to 0.01 hPa (around 80 km) in vertical. The ERA5 reanalysis data show an
improved fit for temperature, wind, and humidity with radiosonde data in the troposphere, benefiting from a decade of devel-
opments in model physics, core dynamics, and 4D-Var data assimilation (Hersbach et al., 2020). The variables used in this
investigation include the SAT, sea level pressure, and 500 hPa geopotential heightThe climatology is defined as the mean of
a 5-day running average over the period 1979–2019 with a centered target date to remove the synoptic influence.

The  daily  operational  forecast  products  from  the  ECMWF  model  are  obtained  from  the  International  Grand  Global
Ensemble (TIGGE; Park et al., 2008; Swinbank et al., 2016) dataset, which is accessible through the ECMWF public data
sets  (https://apps.ecmwf.int/datasets/).  The  ECMWF numerical  model  is  an  atmosphere-ocean  coupled  system.  The  fore-
cast products contain one control forecast and 50 perturbed forecasts with a forecast time of 15 days from each start time.
The average of the 51 forecasts is defined as the ensemble mean forecast. The ERA5 climatology is used to calculate the fore-
cast anomalies since the re-forecast data from the TIGGE dataset is not accessible.

The sub-seasonal to seasonal (S2S; Vitart et al., 2017) forecasts in the ECMWF are carried out twice per week (each
Monday  and  Thursday)  with  an  integration  of  46  days,  which  can  be  downloaded  from  the  ECMWF  public  data  sets
(https://apps.ecmwf.int/datasets/). The S2S forecasts include 51 real-time ensemble forecasts and 220 re-forecasts. The 51
real-time ensemble forecasts contain one control forecast and 50 perturbed forecasts, which are similar to those in TIGGE
dataset. The re-forecasts in ECMWF are conducted on the fly to ensure the model consistency between the real-time fore-
casts and re-forecasts. The on the fly re-forecasts have 11 ensemble members (one control re-forecast and 10 perturbed mem-
bers) for the past 20 years. Therefore, the mean of the 20 control re-forecasts is defined as the model climatology for the
real-time control forecasts while the mean of the 220 ensemble re-forecasts is reserved for the real-time ensemble mean fore-
casts. 

3.    Overview of three cold events

There were three extreme cold events between 1 December 2020 and 15 January 2021. The cold outbreaks occurred
within a synoptic environment that featured an intensified Siberian High and deepened Aleutian Low. This pattern resulted
in strong northerly flow along the east coast of China which ultimately led to a drastic SAT drop in East Asia. However, the
atmospheric circulations related to the three extreme cold events are not identical.

The first cold event occurred during 13–15 December 2020. Compared to the climatological circulation in December
and  January  (Fig.  2a),  the  polar  vortex  was  weaker  than  normal  and  the  East  Asian  Trough  was  deeper  than  normal  at
500  hPa  (Fig.  2b).  In  terms  of  sea  level  pressure,  both  the  Siberian  High  and  Aleutian  Low were  stronger  than  normal,
thereby increasing the northeasterly winds over East Asia. This pattern led to rapid temperature drops and an ensuing cold
air outbreak over East Asia which propagated from north to south over the course of two days. This particular cold event
was mainly related to the southward displacement of the polar vortex. Therefore, this event was also accompanied by cool-
ing SAT in the Arctic and northern Siberia although there was some warming to the west of Lake Baikal due to a geopoten-
tial height ridge near the Aral Sea.

The second event, which occurred during 29–31 December 2020, featured the patterns of SLP and geopotential height
at 500 hPa that are shown in Fig. 2c. There was a continent-wide ridge over Eurasia with two centers, one over the Barents
Sea and the other one over northern Siberia. The extended ridge embedded itself into polar regions, leading to a weak polar
vortex. Along with the geopotential height center over northern Siberia, the Siberian High strengthened to the northwest of
Lake Baikal, with an intensity greater than 1050 hPa. Moreover, the East Asian Trough deepened and this combination resul-
ted in the strong northerly transport of a cold air mass from the Arctic into East Asia. Therefore, the SAT in East Asia sud-
denly dropped during that period. Meanwhile, there was a drastic and commensurate SAT warming in the Arctic, thereby
establishing a warm Arctic-cold Eurasia pattern.

Figure 2d shows the SLP and geopotential height at 500 hPa for the third cold event during 6–8 January 2021. During
the pause between the second and third cold event, the continent-wide ridge over Eurasia was strengthened by a blocking
event to the west of Lake Baikal which split the polar vortex. The blocking pattern to the west of Lake Baikal exhibited a
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northeast-southwest dipole structure, which supported north winds transporting cold air into East Asia (Luo et al.,  2016).
Along with the blocking,  the Siberian High strengthened and moved southward,  with an intensity greater than 1050 hPa.
Moreover, the southeastward moving split polar vortex deepened the East Asian Trough and transported the cold air from
eastern Siberia to East Asia, which further exacerbated the cooling in East Asia. Therefore, many stations in East Asia experi-
enced record-breaking low temperatures during this period.

It seems that the mean atmospheric circulation anomalies of the last two events have similar characteristics. Yet, from
their daily evolutions, it is obvious to see that the second event was caused by a transverse trough which changed its orienta-
tion to vertical, which is related to the development of the continent-wide ridge (Fig. A1 in the Appendix). However, the trig-
ger for the last event was the southward movement of the East Asian cyclone, which was forced by both the Asian block-
ing and the southward displacement of the polar vortex (Fig. A2). Therefore, the first cold event is related to the southward
movement of the polar vortex and the second one is related to the continent-wide ridge. But for the third event, both the south-
ward displacement of the polar vortex and the Asian blocking were important. 

4.    Forecast skill for the events

It is important to skillfully forecast these extreme cold events due to their great economic and social effects. Utilizing
the  operational  forecast  products  from  the  ECMWF  model,  forecast  performances  of  the  East  Asian  SAT  for  the  three
extreme cold events with a lead time of five days are shown in Figs. 3a–c. We find that the ensemble mean can capture the
East Asian cooling during these periods, however, the first cold event was underestimated (Fig. 3a). Moreover, almost all
the ensemble members forecasted the East Asian cooling to be stronger than −2.0 standard deviations for the third event,
while  most  of  the  ensemble  members  forecasted  the  cooling  stronger  than  −1.0  (−1.5)  standard  deviations  for  the  first
(second) event.

In addition to the mean SAT, the forecasts from ECMWF also have captured the general circulation patterns and the spa-
tial distribution of the cooling in East Asia. However, the control forecast, which started on 8 December, underestimates the
strength of the polar vortex over northern Siberia and the depth of the East Asian Trough during 13–15 December but demon-
strates the SAT anomaly well during that period (Fig. 4a). For the second cold event occurring during 29–31 December, the
control forecast started on 24 December was able to reproduce the continent-wide ridge over Eurasia well, although the posi-
tions of the two centers in the control forecast are somewhat different from those in reanalysis (Fig. 4b). With regard to the
third cold event, the control forecast started on 1 January 2021 was able to reproduce the continent-wide ridge over Eurasia
and the deepened East Asian Trough despite the forecasted Asian blocking being positioned further to the northeast than in
the  reanalysis  (Fig.  4c).  Therefore,  the  cooling in  East  Asia  was  well  forecasted.  In  addition to  the  control  forecasts,  the

 

 

Fig.  2. The  mean  sea  level  pressure  (shading,  units:  hPa)  and  geopotential  height  (contour,  units:  gpm,  contour
interval  CI  =  40 gpm) at  500 hPa.  (a)  is  for  the  climatology in  December  and January  during 1979–2019.  (b)–(d)
correspond  to  the  three  cold  events,  which  occurred  on  13–15  December  2020,  29–31  December  2020,  and  6–8
January 2021, respectively.
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ensemble mean forecasts for the three cold events are shown as Figs. 4d–f. They show similar SAT anomalies and geopoten-
tial height patterns for their corresponding control forecasts, but with a relatively weaker intensity.

Additionally,  previous  studies  suggest  that  some  extreme  cold  events  could  be  skillfully  forecasted  with  lead  times
longer than two weeks (Dai and Mu, 2020a; Dai et al., 2021). Whether these extreme cold events can be forecasted with a
lead  time  longer  than  two  weeks  deserves  further  investigation.  Utilizing  the  S2S  forecast  products  from  ECMWF,  the
mean SAT forecasts in East Asia for the three extreme cold events with a lead time of 12 or 13 days are shown in Figs. 3d–
f. The cooling during these cold event periods was underestimated by the ensemble mean. Specifically, the ensemble mean
forecast of East Asian cooling is weaker than −1.0 standard deviations for the first event (Fig. 3d), around −1.0 standard devi-
ations for the second event, and −1.5 standard deviations for the last event (Figs. 3e–f). This indicates that the forecast skill
of the last cold event was best among the three events, with a forecast lead time longer than 10 days.

Moreover,  the  sub-seasonal  forecasts  of  the  SAT  anomaly  and  geopotential  height  at  500  hPa  for  these  three  cold
events are further investigated (Fig. 5). The first cold event was accompanied by a southwardly displaced polar vortex over
north Siberia in the control forecast which started on 30 November. However, the polar vortex in the control forecast does
not  reach as  far  south  as  that  in  reanalysis.  Therefore,  the  most  dramatic  cooling in  the  control  forecast  is  located to  the
north of that in reanalysis (Fig. 5a). In the ensemble mean forecast, both the polar vortex and associated cooling have consist-
ent locations with those in reanalysis, but with a weaker intensity (Fig. 5d). However, for the second extreme cold event,
the strong northerly flow near Lake Baikal is well-described and the SAT cooling in East Asia is captured in the control fore-

 

 

Fig. 3. The forecast average SAT (units: °C) in East Asia for the three cold events. The x-axis is the date and the y-
axis  is  the  SAT in  East  Asia.  The black line  is  the  climatology,  which is  defined as  the  mean of  1979–2019.  The
green, blue, and orange lines represent −1.0, −1.5, and −2.0 standard deviations, respectively. The magenta shading
indicates the extreme cold event periods. The purple line is the observed SAT in East Asia, which is derived from
ERA5 reanalysis data. Fifty-one gray lines in each panel indicate the 51 ensemble forecast members and the red line
is the ensemble mean. (a)–(c) are derived from TIGGE data,  with a forecast  lead time of 5 days,  while (d)–(f)  are
derived from S2S data, with a forecast lead time of 12 or 13 days. (a) and (d) are for case 1, (b) and (e) for case 2,
and (c) and (f) are for case 3.
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cast started on 17 December, however, the continent-wide ridge is different in spatial character from that in the reanalysis
(Fig. 5b). The third extreme cold event is captured in the control forecast started on 24 December (Fig. 5c). Both the contin-
ent-wide ridge over Eurasia and the deepened East Asian Trough are well described, although the Asian blocking event is
missing. In addition to the control forecasts, the ensemble mean forecasts have similar patterns with their respective control
forecasts, for both the geopotential height and SAT anomalies, but with weaker intensities (Figs. 5e–f). We may conclude
that the third cold event was forecasted best among the three cases. 

5.    Discussions

For medium-range and sub-seasonal timescales, the atmospheric initial conditions play an important role in determin-
ing the skill of extreme cold event forecasts. However, the Arctic is a region characterized by large atmospheric uncertain-
ties due to the sparseness of observations (Inoue et al., 2011; Jung et al., 2014). Previous studies suggest that the medium-
range  and  extended-range  forecasts  of  500  hPa  geopotential  height  in  the  Northern  Hemisphere  can  be  improved  with  a
more accurate initial representation of the Arctic atmosphere (Jung et al.,  2014). Recently, Dai and Mu (2020b) investig-
ated a cold surge that occurred in East Asia during 21–25 January 2016 and found that the skill of 10-day weather forecast
is sensitive to the atmospheric initial conditions in the Arctic. A possible reason for this concerns the northerly winds which
lead  to  a  cold  surge,  which  act  to  underscore  the  influence  of  the  upstream  Arctic  atmosphere  (Semmler  et  al.,  2018).
However, the forecast skill is not always improved when more observations in the Arctic are used (Sato et al., 2017).

In addition to the atmospheric initial conditions, boundary conditions such as sea ice and sea surface temperature anom-
alies may also influence the predictability of East Asian extreme cold events. Boundary conditions are known to be crucial
for sub-seasonal forecasts and may consequently contribute to the predictability of extreme cold events (Deser et al., 2007;
Semmler et al., 2016). However, such studies are few and the physical mechanisms that explain their roles in supporting the

 

 

Fig. 4. The forecast SAT anomaly (shading, units: °C) and geopotential height (contour, units: gpm, CI = 40 gpm) at
500  hPa  for  the  cold  event  periods,  with  a  forecast  lead  time  of  five  days.  (a)  and  (d)  are  the  mean  of  13–15
December 2020 derived from the forecasts started on 8 December 2020, (b) and (e) are the mean of 29–31 December
2020 derived from the forecasts started on 24 December 2020, while (c) and (f) are the mean of 6–8 January 2021
derived  from  the  forecasts  started  on  1  January  2021.  (a)–(c)  are  derived  from  the  control  forecasts  while  (d)–(f)
correspond to the ensemble mean. The purple boxes indicate the East Asia region (20°–50°N, 100°–120°E).
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cold events on sub-seasonal timescales are not clear.
Among the three extreme cold events in 2020/21, the forecast skill for the first two cold events is lower than the third

one. Why are the forecast skills different for these events? What is the role played by the Arctic atmospheric initial condi-
tions? Moreover, studies show that the stratosphere is an essential source of predictability for extreme cold events (Cai et
al., 2016; Yu et al., 2018). Do stratospheric processes contribute to triggering these cold events? These topics are worthy of
further investigation.
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Fig. 5. The forecast SAT anomaly (shading, units: °C) and geopotential height (contour, units: gpm, CI = 40 gpm) at
500 hPa for  the cold event  periods,  with a  forecast  lead time of  12 or  13 days.  (a)  and (d)  are the mean of  13–15
December  2020  derived  from  the  forecasts  started  on  30  November  2020,  (b)  and  (e)  are  the  mean  of  29–31
December  2020  derived  from  the  forecasts  started  on  17  December  2020,  while  (c)  and  (f)  are  the  mean  of  6–8
January 2021 derived from the forecasts started on 24 December 2020. (a)–(c) are derived from the control forecasts
while  (d)–(f)  correspond  to  the  ensemble  mean.  The  purple  boxes  indicate  the  East  Asia  region  (20°–50°N,
100°–120°E).
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APPENDIX
 

 

Fig. A1. The daily geopotential height (units: gpm) at 500 hPa from 25 to 30 December 2020, which are derived from ERA5
reanalysis data.

 

 

Fig. A2. As in Fig. A1, but for the period from 2 to 7 January 2021.
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