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ABSTRACT

Three extreme cold events occurred in eastern Asia in January 2016, January 2021, and December 2023. As important
factors in atmospheric circulation anomalies, the Blocking High and East Asian Trough (BH-ET) structure played key roles
during these three extreme cold wave events. Among these two dynamic patterns, the BH affected the development of the
cold  waves  in  two  different  ways:  (1)  before  the  cold  waves  in  2016  and  2023,  the  BH  pushed  the  cold  air  southward,
resulting in a slow and gradual cooling, with a cooling rate (CR) in eastern Asia of 1.34°C d–1 and 1.2°C d–1, respectively,
and (2) in January 2021, the sudden collapse of BH caused the cold air to rapidly attack mid-latitude regions, with a CR of
1.87°C d–1. In terms of the spatial CR, the temperature drop in 2021 occurred 38.8 % and 55% faster than those in 2016 and
2023,  respectively.  At  the  same  time,  the  ET  influences  the  wind  direction  of  cold  waves  by  modulating  the  pressure
gradient.  Before  the  cold  waves  occurred,  the  meridional  wind  field  near  the  ET  showed  negative  values,  forming
northwesterly  or  northeasterly  winds,  which  continued  to  affect  the  southern  part  of  East  Asia.  The  meridional  wind  in
January 2021 was stronger than those in 2016 and 2023, which is thought to be the reason for the strength of the 2021 cold
wave.  Finally,  results  from  the  temperature  Empirical  Orthogonal  Function  (EOF)  analysis  from  1980–2023  verify  an
obvious BH-ET structure in the three cold wave events, which suggests that this particular climatological state provides a
climatic background for the occurrence of cold waves.
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Article Highlights:
•  The analysis of the similarities and differences between three typical cold wave weather events that occurred in East Asia
is presented.

•  The BH-ET structure is one of the contributing factors to the differences in the three cold wave weather events.

•  The BH has two forms, among which the collapsible BH causes a sudden cooling for cold waves in eastern Asia.

•  The location and intensity of the ET affect the cold wave. The greater the intensity, the more westward its position.
 

  
 

1.    Introduction

As  global  warming  intensifies,  extreme  weather  has
occurred  in  the  Northern  Hemisphere  with  increasing  fre-
quency. The Sixth Assessment Report of the Intergovernmen-
tal Panel on Climate Change (IPCC AR6) indicates that, as
a  result  of  climate  change,  extreme  weather  events  will

become more common in the future. The extreme cold wave
is  one  example  of  a  wintertime  extreme  weather  event.  It
mainly  manifests  as  a  sharp  decline  in  temperature  and  is
often accompanied by strong winds, snowfall,  and freezing
weather (Park et al., 2010; Song et al., 2019). Weather associ-
ated  with  extreme  cold  waves  has  occurred  frequently  in
recent  years  (Cohen  et al.,  2020; Vihma et al.,  2020; Zhou
et al.,  2022).  Since  2000,  extreme  cold  wave  weather  has
occurred  in  the  winters  of  2004/05  (Ding  and  Ma,  2007),
2007/08  (Zhou  et al.,  2011),  2009/10  (Hori  et al.,  2011),
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2015/16  (Ma  and  Zhu,  2019)  and  2020/21  (Zhang  et  al.,
2022a). Among these events, the extreme cold wave during
2015/16 occurred not only in Eurasia but also in North Amer-
ica  (Cui  and  Qiao,  2016; Song  et  al.,  2024).  In  2020/21,
there were three extreme cold wave events in the Northern
Hemisphere,  two  in  Eurasia  and  one  in  North  America
(Zhang  et  al.,  2022b).  The  frequency  and  range  of  cold
surges  have  expanded.  Such  extreme  low-temperature
events are considered to occur within a unique temperature
pattern known as “Warm Arctic-Cold Eurasia” (Overland et
al., 2011), and this pattern has become increasingly obvious
in  recent  years  (Cohen  et  al.,  2012; Inoue  et  al.,  2012).
Under  this  pattern,  the  occurrence  of  extreme  cold  wave
events is aggravated in the Northern Hemisphere (Jin et al.,
2020).  In  addition,  the  occurrence  of  the  above-mentioned
extreme cold waves is related to an abnormal mid-to-high-lati-
tude large-scale atmospheric circulation, which is connected
to  the  negative  phase  of  the  Arctic  Oscillation  (AO),  Ural
blocking (Rex, 1950; Kimoto et al., 1992), and the Siberian
High  (Tao  and  Wei,  2008; Wen  et  al.,  2009; Zuo  et  al.,
2015). The combination of multiple influential factors is con-
ducive  to  a  more  comprehensive  analysis  of  the  causes  of
extreme weather events.

Previous studies have found that the negative phase of
the  North  Atlantic  Oscillation  (NAO)  and  blocking  cause
abnormal mid-to-high-latitude large-scale atmospheric circu-
lations that allow cold Arctic air to invade mid-latitude land
areas (Herring et al.,  2016; Yao et al.,  2016).  The effect  of
the negative phase of NAO is believed to promote the opening
of a gap of an otherwise strong, westerly jet, leading to the
southward migration of cold polar air (Yao et al., 2016). In
addition,  blocking  plays  an  important  role  in  the  Eurasian
extreme  cold  waves  (Luo  et al.,  2016; Gong  and  Luo,
2017). Blocking leads to the reduction of sea ice in the Kara
and  East  Siberian  Seas,  allowing  the  Arctic  vortex  to
become more unstable, triggering a cold wave through the sea-
sonal  accumulation  effect  (Antokhina  et al.,  2018; Yao
et al., 2022). At the same time, the combination of blocking
and the Siberian High enhances the amplitude of the westerly
jet  and increases the frequency of cold waves over Eurasia
(Takaya and Nakamura, 2005; Ma and Zhu, 2019). There is
a growing consensus that abnormal atmospheric circulation
causes extreme cold wave events (Zheng et al., 2022). How-
ever,  the  effects  of  blocking  and  other  factors  in  each
extreme  weather  event  differ.  Based  on  such  observations,
this  paper  conducts  an  in-depth  analysis.  By proposing the
Blocking  High  and  East  Asian  Trough  (BH-ET)  structure,
we analyze  the  differences  between the  three  extreme cold
wave events and point out the roles of this structure. Surface

air temperature observations show that the three coldest val-
ues in East Asia since 2015 occurred in January 2016, 2021,
and December 2023, respectively. Thus, three extreme cold
wave  weather  events  that  occurred  in  January  2016,  2021,
and December 2023 are selected to analyze the roles of the
Blocking High (BH) and East Asian Trough (ET).

The  remainder  of  this  paper  is  organized  as  follows.
The data and methods are introduced in section 2. Section 3
presents  the  results,  including  the  development  process  of
the three extreme cold weather events, indicators for measur-
ing cooling rate, and the structure of the BH-ET. Conclusions
and a final discussion are given in section 4. 

2.    Data and methods
 

2.1.    Datasets

The daily surface air  temperature (SAT) data are from
the European Centre for Medium-Range Weather Forecasts
reanalysis-5 (ERA5) datasets on a global 0.25°× 0.25° lati-
tude-longitude grid from 2015–23. In addition, the monthly
datasets  of  ERA5  are  used  to  analyze  geopotential  height
(GH),  temperature,  zonal  wind  (U wind),  and  meridional
wind  (V wind).  The  spatial  resolutions  are  0.25°  ×  0.25°,
and the temporal coverage is from 1979–2023. The monthly
indices  of  the  NAO  and  Western  Pacific  teleconnection
(WP) are from the National Oceanic and Atmospheric Admin-
istration (NOAA) Climate Prediction Center, obtained from
the website of the Climate Indices List. 

2.2.    Definition  of  the  cold  wave  events  and  BH-ET
anomalies

The  occurrence  process  of  the  extreme  cold  wave  is
divided  into  three  stages  (Table  1):  the  outbreak  stage,  the
development stage (the first three days of the outbreak stage
continued  until  before  the  outbreak  stage),  and  the  initial
stage (the first 10 days of the development stage continued
until before the development stage). Considering the different
duration and range of cold wave weather, the outbreak stage
of the extreme cold wave is selected by a 5-day moving aver-
age. Among them, the outbreak stage has the following char-
acteristics: (1) The 0°C isotherm in the 5-day moving average
reaches to the south of North China Plain; (2) The temperature
in  the  Mongolian  Plateau  and  Northeast  China  is  below
–20°C; (3) The temperature anomalies across the entirety of
East  Asia  (except  the  Tibetan  Plateau)  are  negative.  This
period is  defined as a cold wave outbreak stage.  In eastern
Asia,  20–24  January  encompasses  the  entire  outbreak
period of the cold surge in 2016, while 4–8 January encom-
passes the entire outbreak period in 2021. Similarly, the out-

 

Table 1. The stages of cold waves.

Jan 2016 Jan 2021 Dec 2023

Initial stage 7th–17th 26th (Dec 2020)–1st 4th–14th
Development stage 17th–19th 1st–3rd 14th–16th

Outbreak stage 20th–24th 4th–8th 17th–21st
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break  period  of  the  extreme  cold  wave  for  2023  occurred
from 17–21 December. In the analysis of the atmospheric evo-
lution  of  these  extreme  cold  waves,  anomalies  of  the  500-
hPa  geopotential  height  (GH),  surface  air  temperature
(SAT), and U and V-wind fields are used.

In particular, the blocking event over Eurasia is one of
the  important  factors  leading  to  cold  waves  in  Europe  and
Eastern  Asia  (Luo  et al.,  2016; Yao  et al.,  2016; Li  et al.,
2020; Kim and Ahn, 2023). It is meaningful to explore the
roles  of  blocking  in  different  events. Yao  et al. (2022)
pointed  out  that  extreme  weather  is  affected  by  blocking
and  that  it  performs  differently  in  each  cold  wave  event.
Here, the blocking discussed is a high-pressure ridge gener-
ated in Eastern Europe. Previous studies have two definitions
of  Ural  blocking;  one  uses  a  GH  anomaly,  and  the  other
applies  a  blocking  index  (Tibaldi  and  Molteni,  1990).
Among  them,  the  GH  anomaly  area  focuses  on  the  area
bounded  by  (40°–85°N,  30°–150°E).  To  distinguish
between the two structures of BH and ET, two key regions
are  adjusted  on the  above-defined regions.  One key region
for Blocking High (BH) anomalies is defined as the area-aver-
aged  500-hPa  GH  in  the  domain  bounded  by  30°–60°N,
30°–90°E (the blue frame in Fig. 2a). The other, for Eastern
Asia Though (ET) anomalies, is defined as the area-averaged
500-hPa  GH  in  the  domain  bounded  by  30°–55°N,
90°–150°E (the red frame in Fig. 2a). Meanwhile, the climato-
logical  mean  of  the  GH  anomaly  field  is  determined  from
its  mean  values  during  December,  January,  and  February
(DJF) from 1979–2023.
 

2.3.    The calculation of cooling rate

The Cooling Rate (CR) is defined to represent the rate
of temperature change, a factor that is directly related to the
destructive power of  cold surge weather  on a  spatial  scale.
The physical meaning of CR is the instantaneous velocity of
temperature  changes  in  a  certain  region.  The  mathematical
expression that defines CR is given by: 

CRi j =
1

α
lim
t→0

∆Temp

∆Time
=

1

α
lim
t→0

Temp1−Temp2

∆Time
, (1)
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where  Temp1 is  the  temperature  before  the  outbreak  of  a
cold event; Temp2 is the temperature during the outbreak of
a cold event;  represents time;  represent latitude and lon-
gitude. When  in the ideal condition, the average veloc-
ity approaches the instantaneous velocity. α is the regulating
parameter (we set it to α =10 in this paper). Here, the positive
and  negative  values  of  CR  represent  different  temperature
changes. A positive value of CR represents cooling, and a neg-
ative value of CR represents warming. 

■

|

■

|

■

CRi j ⩾ 0 ⇐⇒ cool

CRi j < 0 ⇐⇒ warm
. (3)

By  equating  the  average  velocity  to  the  instantaneous
velocity at each data point, the model can obtain the instanta-
neous  velocity  at  multiple  points  CR11,  CR12,  ...,  CRij.  In
this way, a spatial distribution CR for velocity rate of tempera-
ture change can be obtained.
 

2.4.    Empirical orthogonal function analysis method

In this study, the monthly 500-hPa GH and SAT during
DJF from 1979–2023 are calculated to examine atmospheric
circulation patterns  associated with the BH-ET structure in
Eastern Asia by the Empirical Orthogonal Function analysis
(EOF) method. The monthly SAT and 500-hPa GH anomalies
relative  to  the  climatological  mean  values  for  1979–2023
are calculated. Then, the monthly anomalies, weighted accord-
ing to latitude during DJF from 1979–2023, can obtain the
result  of  spatial  modes  and  the  corresponding  time  series.
This  method  is  used  to  separate  the  spatial  distribution
mode  of  the  original  temperature  field  and  GH  field  from
the time series. In this paper, the key area for BH is selected
by  the  region  (30°–60°N,  30°–90°E),  and  the  key  area  for
ET is selected by the region (30°–55°N, 90°–150°E) accord-
ing to the result of the EOF. We further note that the spatial
distribution mode is  only a function of space,  and the time
series  is  given  in  the  form  of  a  principal  component  (PC)
value.
 

3.    Result
 

3.1.    The  three  extreme  cold  weather  events  in  2016,
2021, and 2023

In January 2016 and 2021, China experienced two large-
scale extreme cold wave weather events. From 20–24 January
2016, a cold wave known as the “Boss” affected most parts
of China. During this event Guangzhou, Nanning, and Hong
Kong  even  experienced  snowfall.  Temperatures  in  most
parts  of  North  China and Mongolia  dropped below –20°C.
The 0°C isotherm had pushed southward to the central part
of South China (Fig. 1a). The temperature anomaly dropped
to 8°C–12°C in the Korean Peninsula, Shandong Peninsula,
and  the  southeast  coastal  area  of  China,  and  exceeded
–15°C in some places of Northern China (Fig. 1d).

On 4–8 January 2021,  an  extreme cold  wave occurred
in  the  Eastern  Asian  region,  including  Mongolia,  the
Korean Peninsula, Japan, and North China. During this cold
wave, the temperature dropped below 0°C over almost all of
northern China (Fig. 1b). In particular, more than 60 meteoro-
logical stations in eastern and northern China had broken or
reached  record-low  values.  For  instance,  the  temperature
recorded  at  Beijing  station  on  7  January  reached –19.6°C,
which was its  lowest  temperature since 1966 (Zhang et al.,
2022a).  Except  for  the  Tibetan  plateau  and  a  few  areas  in
southern China, the temperature anomaly shows that the air
temperature decreased in excess of 8°C–10°C (Fig. 1e).
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In  December  2023,  a  cold  wave  hit  the  East  Asian
region, causing severe low temperatures. This extreme cold
surge  occurred  earlier  than  in  previous  years.  Before  the
cold  wave weather  affected  southern  parts  of  eastern  Asia,
extreme  cold  weather  of –40°C  occurred  in  northeastern
Inner  Mongolia  and  the  northern  Heilongjiang  Province  of
China (Fig. 1c). Cold air was pushed to the southern region
within a few days, causing the 0°C isotherm to extend to the
southern part  of Guizhou and the northern part  of southern
China. The temperature anomaly of this cold wave weather
shows that a large area of cooling had occurred in northern
East Asia, with a cooling range of –8°C to –12°C, and some
areas, i.e., northern Hebei, eastern Inner Mongolia, and Mon-
golia,  the  cooling  exceeded –12°C  (Fig.  1f),  and  the
regional  average  temperatures  dropped  to –14.93°C,
–14.47°C  and –14.78°C,  respectively  (Fig.  1g,  the  red
points).
 

3.2.    The  development  process  of  the  three  extreme  cold
weather events

The East Asian winter cold air activity is closely related
to  the  East  Asian  winter  monsoon  system  (Qin  and  Li,
2020). The main components of the system are the Asian sub-
tropical high-latitude westerly jet, the Eurasian mid-to-high
latitude  blocking  high,  the  East  Asian  trough,  and  the
Siberian  high  (Cheung  et al.,  2012; Zhao  et al.,  2023).
These  components  reflect  the  changes  in  the  atmosphere

from  the  bottom,  middle,  and  upper  layers  of  the  atmo-
sphere,  respectively.  Thus,  to  get  a  better  understanding of
the  similarities  and  differences  between  the  three  extreme
types  of  cold  surge weather,  we use  the  GH,  wind anoma-
lies, and SAT to analyze the atmospheric circulation evolution
process before the extreme cold surge weather activity (Fig. 2).

In the initial stage of the 2016 event, the SAT in the Arctic
rose abnormally, with increases above 5°C–10°C (Fig. 2a),
and the polar  region was in a  warming stage.  At  this  time,
the GH in mid-latitude was in a stable state, as the cold air
was  locked  in  the  polar  region.  There  is  a  positive  SAT
anomaly of 6°C–8°C in the key region of the BH. After enter-
ing the development stage, a high-pressure ridge appears in
the  key  area  of  the  BH  (Fig.  2d).  On  the  west  side  of  the
high-pressure ridge,  the wind field  anomaly enters  into the
polar region and pours out on the east side. This pushes cold
air  from  Siberia  southward.  At  this  moment,  the  cold  air
mass in the negative SAT anomaly area stays to the north of
eastern  Asia.  During  the  outbreak  stage,  the  high-pressure
ridge moves eastward and is accompanied by obvious positive
SAT anomalies (Fig. 2g). A cyclone is formed over the high-
pressure ridge, which drives cold air into the ET and causes
extreme cold wave weather.

During the cold wave events in 2021 and 2023, the forma-
tion  of  the  BH and  the  change  of  the  abnormal  wind  field
are consistent with those in 2016, but the role of the BH was
different. Based on the performance of different stages, we
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Fig.  1. The distribution  of  SAT and the  SAT anomaly  (units:  °C)  during  the  cold  waves  of  January  2016,  January  2021,  and
December 2023. The (a) SAT and (d) SAT anomaly from 20–24 January 2016. The (b) SAT and (e) SAT anomaly from 4–8
January 2021. The (c) SAT and (f)  SAT anomaly from 17–21 December 2023. (g) The daily SAT for December and January
from 2015 to 2023.
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made the following comparison. In the initial stage of these
three  cold  events,  there  was  a  certain  degree  of  positive
SAT anomalies in the Arctic. In 2021, it even increased by
more  than  15°C  near  the  Laptev  Sea  (Fig.  2b),  while  the
warm anomaly  in  2023  was  located  near  the  East  Siberian
Sea and Chukchi Sea (Fig. 2c). The anomalous polar warming
is a signal that the southward Arctic cold air is affecting the
low  latitudes.  As  evident  by  the  wind  anomalies,  a  large
amount of warm air was transported from Eastern Europe to
the  Arctic  by  the  high-pressure  ridge.  This  was  especially
true in the Laptev and the Kara Seas, as several cold airflows
were  pushed  to  Northern  Asia.  In  the  development  stage,
the BH extends towards the hinterland of Eurasia (Figs. 2d–
f). During this stage, a large amount of cold air has already

accumulated  in  the  Siberian  region.  The  SAT  anomalies
show  that  the  temperatures  in  the  Siberian  region  and  the
Mongolian Plateau decreased by 10°C–20°C, noting further
that  the  negative  SAT  anomaly  centers  were  located  in
Siberia  in  2016,  the  Ural  area  in  2021,  and  the  Mongolian
Plateau in 2023, respectively. These negative SAT anomaly
centers  can exceed –25°C to –30°C.  In  the  outbreak stage,
the BH extends eastward and pushes the cold vortex on the
east side of the blocking southward (Figs. 2g, i). Under the
stress of the BH, the cold air invades from the northern part
of eastern Asia and advances to the south. According to the
SAT anomaly, some cold air reaches northern China, causing
cooling weather. The anomaly in the Korean Peninsula, the
North China Plain, and southern Japan have reached –10°C

 

3m/s

 

Fig.  2. Atmospheric  processes  related  to  cold  waves:  The  initial  stage  of  the  cold  wave  is  shown for  (a)  2016,  (b)  2021,  and
(c)  2023;  The  development  stage  is  shown  for  (d)  2016,  (e)  2021,  and  (f)  2023;  The  outbreak  stage  is  shown  for  (g)  2016,
(h) 2021, and (i) 2023. The red lines represent the 500-hPa GH (units: gpm). The colors denote the SAT anomalies (unit: °C),
and the arrows are the wind anomalies (units: m s–1).
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to –15°C; the cooling in southern China is even more obvious
and reaches –20°C, as the cooling area covers the entirety of
eastern  Asia.  In  2021,  the  pattern  evolved  differently;  the
BH suddenly broke up, allowing the cold air flow to immedi-
ately  spread  to  the  south  (Fig.  2h).  In  northern  China  and
the  Mongolian  Plateau,  the  SAT  anomaly  reached –20°C
and the abnormal center values reached –25°C or more. The
negative  SAT  anomalies  caused  strong  cooling  weather  in
Northern China. Further, there was an area of low pressure
over  the  northern  part  of  eastern  Asia,  and  a  cold  cyclone
appeared  over  northeast  China,  which  continuously  trans-
ported cold air southward from Siberia. Due to this character-
istic, the cold surge in 2021 was relatively strong, causing pro-
nounced  destructive  effects  by  its  sudden  temperature
drops.

In addition to the effects of the BH, the structure of the
ET also plays a role in the transport of cold airflow. The ET
is considered to be one of the key factors and precursor signals
of East Asian low-temperature events caused by strong cold
air  intrusions  (Bueh et al.,  2018).  The generation  of  an  ET
accelerates the airflow from Siberia. In Fig. 3, the longitude-
time evolution of the GH and wind fields are calculated during
the cold wave.

During the initial period of the cold wave in 2016, the
ET  gradually  formed  and  expanded  westward.  Before  the
development period, between 17–19 January, the low-pres-
sure center appeared east of 120°E (Fig. 3a). Meanwhile, on
17  January  2016,  a  northwesterly  wind  developed  from
120°E eastward and reached its maximum on the 18th (Figs.
3b, c). Although it weakened slightly during the development
period, a stronger northerly wind appeared in northern East
Asia, along with the deepening of the ET on the 21st. During
the  outbreak  stage,  the U and V-wind  anomalies  gradually
increased.

The ET intensity  during the  cold  wave period in  2021
was  stronger  than  that  in  2016  and  2023  (Fig.  3d).  Before
the 2021 cold wave, the strong positive U-wind anomaly con-
tinued from 3 January 2021, reaching its peak value before
the outbreak of the cold wave. The maximum U-winds were
6.0 m s–1 to 11.5 m s–1, and the maximum V-winds were –7
to –13 m s–1 (Figs. 3e, f). The anomalous westward extension
of the U-wind component was due to the obstruction of the
collapse  of  the  atmospheric  circulation,  which,  combined
with the atmospheric trough, caused the cold air that initially
accumulated in the trough to move suddenly southward. At
the same time, the V-wind anomaly east of 105°E continued
to  strengthen  during  the  cold  event,  providing  the  force
needed for the southward movement of cold air.

During  the  cold  wave  event  of  2023,  the  ET  structure
was not  obvious in East  Asia until  the development period
(Fig. 3g). During the period 9–13 December, there was a pro-
cess  in  which  the  positive  GH anomaly  developed,  moved
eastward, and then rapidly subsided. The ET then appeared
after  15  December,  with  an  intensity  2.9% lower  than  that
of 2021. The westerly winds were much weaker than the pre-
vious  two  events,  with  weak  zonal  winds  continuing  from
the 15th (Fig. 3h). By about the 16th, the V-wind showed a

northerly component  moving southeast  from around 105°E
(Fig. 3i). Affected by the low-pressure trough, cold air was
moving southward and affecting the southern region of East
Asia.  This V-wind  anomaly  was  triggered  near  the  East
Asian trough,  offering further evidence that  the East  Asian
trough  plays  an  important  role  in  the  occurrence  of  cold
waves.

Before  the  outbreak  of  the  cold  waves,  the U and V-
winds showed a negative anomaly (Figs. 3j, k, yellow box).
This is attributed to the fact that the BH-ET structure played
an important and proactive role in forcing these anomalies.
The appearance of the BH weakened the westerly winds and
allowed cold air to enter Siberia. Then, the ET formed, provid-
ing for northerly winds to act as a transport mechanism for
the  cold  air  to  move  into  eastern  Asia.  However,  cooling
does not occur immediately with the change in wind field. It
often  occurs  after  the U-wind  weakens  and  the V-wind
strengthens  to  the  south,  which  allows  for  extreme  cold
weather to occur in East Asia, 4–5 days later. 

3.3.    The indicators for measuring cooling rate

One of the metrics used to assess extreme cold events is
the speed of the temperature change. This is also an important
reference  indicator  for  measuring  the  destructive  power  of
extreme cold wave weather, as a rapid cooling process often
leads to more serious consequences. In general, we consider
averaging  the  temperature  values  in  this  area  to  obtain  a
regional average velocity for temperature change (as shown
in  the  subgraph  in Fig.  4).  However,  the  regional  average
velocity obtained by this method is not accurate because the
details at some locations can be averaged out. In the process
of  understanding extreme weather,  we have more stringent
requirements on the specific location of cooling. Therefore,
we  use  the  local  instantaneous  velocity  matrix  CR  to
describe  the  rate  of  temperature  change  and  quantify  the
speed of temperature change at a given location.

In 2016, the rapidly cooling center in eastern Asia was
located  in  the  eastern  Tibetan  Plateau  and  the  northwest
coast of the Japan Sea, with a range of more than 5°C d–1–
6°C d–1, while in most parts of eastern Asia, the CR values
are between 2°C d–1–3°C d–1 (Fig. 4a, the blue lines in sub-
graph).  From  the  average  temperature  change  in  January,
the  average  value  during  the  cold  wave  outbreak  period  is
1.34°C  d–1.  In  2021,  the  rapidly  cooling  center  in  Eastern
Asia  is  located  to  the  south  of  the  Mongolian  Plateau  and
North China Plain (Fig. 4b).

The rapid cooling area of the cold wave in 2021 was sig-
nificantly larger than that in 2016 and was mainly distributed
in densely populated areas. The average CR during the cold
wave  outbreak  period  is  1.86°C  d–1.  This  was  0.52°C  d–1

faster (an increase of 38.8%) over 2016. In eastern Asia, the
CR distribution  over  the  entire  region  in  2021 tells  us  that
the speed of temperature change was more gentle during the
cold wave in 2016. Only along the northern coast of the Sea
of Japan and Tibetan Plateau regions, where populations are
sparse, were the CR values higher, indicating rapid tempera-
ture changes. However, in January 2021, the high CR-value
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Fig. 3. Longitude-time evolution of 40°–60°N for the GH (units: gpm) and U/V wind (units: m s–1)
during the cold waves: The January 2016 evolution of the (a) GH, (b) U-wind, and (c) V-wind; The
January 2021 evolution of the (d) GH, (e) U-wind, and (f) V-wind; the December 2023 evolution
of the (g) GH, (h) U-wind, and (i) V-wind; The daily U/V wind in (j)  December and (k) January
(the  line  represents U-wind,  and  the  contours  represent  the V-wind,  the  black  line  is  the
climatology, which is defined as the mean values of 1979–2020).
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Fig. 4. The distribution of cooling rate in Eastern Asia during the extreme cold wave (units: °C d–1): (a) The
CR in 2016; (b) the CR in 2021; (c) the CR in 2023. The two black lines are the 0°C isotherms; the northern
position of the 0°C isotherm was on the first day of the cold wave outbreak, and the southern position was
after  three  days.  The  red  line  of  the  subgraph  is  the  average  daily  SAT  in  eastern  Asia  (25°–55°N,
90°–140°E). The values in the subgraph are the temperature changes between the blue dashed lines.
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area was concentrated in the central part of eastern Asia, espe-
cially  in  the  North  China Plain.  Due to  its  high population
density,  the  rapidly  cooling  weather  in  this  region  had  a
stronger  impact.  We  also  show  the  location  of  the  0°C
isotherm when these two cold waves occurred (Figs. 4a, b,
the  black  lines).  We  see  that  the  0°C  isotherm  during  the
cold wave in 2021 is further south than in 2016 during the
same  stage.  This  means  that  the  cold  air  in  2021  moved
south faster, and its destructive power was stronger than the
slower-moving cold wave in 2016.

The CR in 2023 shows that the low latitudes of southern
China and the Korean Peninsula experienced rapid cooling
(Fig.  4c).  The  cooling  rate  this  time  was  similar  to  that  in
2016, but the impact range was further southward.
 

3.4.    The structure of BH-ET and EOF analysis

The  differences  in  CR  reflect  how  vigorous  the  three
cold  waves  were,  owing  in  part  to  the  BH-ET  interaction.
The analysis of the multi-year anomalies of the BH reveals
its indices were 25.24, 20.34, and 8.27 for the cold surges in
2016, 2021, and 2023, respectively, indicating the presence
of high pressure in these periods (Fig. 5a). The BH is relatively
high before it begins to regulate the movement of cold air in
Siberia. Moreover, the BH affects the westerly jet by weaken-

ing its intensity, thus increasing the likelihood of triggering
instability  in  the  polar  vortex  (Tyrlis  et al.,  2019).  For  the
ET  anomalies  during  the  three  cold  waves,  the  anomalies
are –13.9, –22.55, and –30.87 during 2016, 2021, and 2023,
respectively (Fig. 5b). Note that the indices of BH anomalies
are positive, while the ET indices are negative. Thus, the situa-
tion where the BH index is of the opposite sign to that of the
ET  index  is  beneficial  to  the  occurrence  of  extreme  cold
wave weather. Under this BH-ET structure, the BH mainly
affects the westerly wind by pushing and collapsing in such
a  way  that  polar  cold  air  enters  Siberia.  Subsequently,  the
ET with different intensities and locations serves to transport
the  cold  air  into  southern  East  Asia,  triggering  cold  wave
weather (Fig. 5c). The BH-ET forms a structure that easily
causes the polar cold vortex to become unstable. The high-
pressure  ridge  formed  by  BH  weakens  the  westerly  wind
and changes its  original  path.  With the push or  collapse of
BH, a westerly wind anomaly is triggered, allowing the cold
air to be transported southward into the ET. When the position
of  ET is  southerly  or  westerly,  the  abnormal  strengthening
of low pressure causes the occurrence of an East Asian cold
wave.

Figure  6 shows  the  EOF  analysis  results  for  GH  and
SAT in DJF from 1979–2023. In EOF1, there is an obvious
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Fig. 5. The BH-ET structural diagram and multi-year BH-ET anomalies. The (a) BH and (b) ET anomalies in DJF
from  1979–2023  (red  bars  represent  the  three  cold  waves,  respectively).  (c)  The  BH-ET  structural  schematic
diagram.
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high-pressure  structure  around  60°E  in  eastern  Europe
(Fig. 6a, red box); this mode accounts for 25.95% of the vari-
ance. Combined with the PC value (Fig. 6b), it presents a posi-
tive  pressure  anomaly  for  the  winters  of  2016,  2021,  and
2023. At the same time, there is a low-pressure trough struc-
ture at 140°E (Fig. 6a, blue box), with one low-pressure center
in the North Pacific Ocean and one in the Sea of Japan. In
this  mode,  the  distribution  of  pressure  manifests  as  a  BH-
ET structure.

The EOF1 of SAT reflects a “Warm Arctic-Cold Eurasia”
pattern, which has been a notable feature for the recent winters
in the Northern Hemisphere (Fig. 6c); this mode, mainly mani-
fested  in  Arctic  warming  and  temperature  drops  in  Siberia
(Overland  et al.,  2011; Cohen  et al.,  2012),  accounts  for
22.87% of  the variance.  The analysis  of  the EOF1 of  SAT
and GH suggests that the warming of the Arctic causes the
polar  pressure  gradient  to  move  cold  air  away  from  the
polar region and transport it into the low-latitude regions of
Siberia. This situation was consistent with the climate condi-
tions prior to the three extreme cold waves. Cold air season-
ally accumulates in Siberia, and once present, under appropri-
ate conditions, it can be transported to low latitudes, resulting
in cooling weather and even extreme cold waves.
 

4.    Conclusion and discussion

This  study  mainly  discusses  three  extreme  cold  wave

events that occurred in eastern Asia in January 2016, January
2021, and December 2023. The roles of the BH-ET structure
are analyzed in these cold waves. Meanwhile, the CR is calcu-
lated to measure how quickly the temperature dropped in a
given region and to determine the destructive effects of the
extreme weather. The differences in CR are attributed to the
structure of BH-ET for each case.

From the perspective of  the structural  evolution of  the
BH,  before  the  cold  waves  in  2016  and  2023,  the  BH
mainly showed a pushing effect, while in 2021, it showed a
blocking  collapse.  The  ET  mainly  guides  the  direction  of
the wind to regulate the transmission of cold air. When cold
wave  weather  occurs,  the V-wind  field  shows  a  negative
value, forming a northwest or northeast wind, which contin-
ues to affect the southern part of Eastern Asia. The intensity
of the ET was different when the three cold waves occurred.
The ET in January 2021 was stronger than that in 2016 and
2023,  which  explains  the  particular  strength  of  the  cold
wave in 2021. From the longitude-time evolution, a weaken-
ing signal of the U-wind appeared in the first 10 days of the
development  period.  During  the  development  period,  there
was a strong abnormal northerly wind at 120°E. The evolution
of such dynamics was caused by the BH-ET structure.

The CR values show that the rates of the cold waves are
different. The CR of the cold wave in 2021 was 38.8% and
55% faster than that in 2016 and 2023, respectively, and the
impact range of 2021 and 2023 was concentrated in densely
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Fig. 6. The EOF of GH (units: gpm) and SAT (units: °C): The (a) EOF1 and (b) PC1 of GH during DJF from 1979–2023; the
(c) EOF1 and (d) PC1 of SAT. The percentage of variance explained by EOF modes are given in the upper-right corner. The red
box represents the key region of the BH. The blue box represents the key region of the ET.
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populated  areas.  Therefore,  the  destructive  power  of  the
cold waves in 2021 and 2023 were higher than that in 2016.
From the  results  of  EOF decomposition,  the  captured  BH-
ET structure was particularly obvious when the cold waves
occurred.  The first  modes  of  GH (25.95% of  the  variance)
show  an  obvious  BH-ET  structure  during  the  cold  waves.
This  indicates  that  the BH-ET structure plays an important
role  in  cold-wave  weather.  The  EOF  mode  of  the  SAT
(22.87%  of  the  variance)  shows  a  cooling  trend  in  East
Asia, which is also a background conducive to the occurrence
of cold waves.

As  an  important  climate  mode  in  the  Northern  Hemi-
sphere, the NAO and WP both exert an important impact on
the  temperature  of  the  Eurasian  continent. Zhang  et al.
(2023)  found  that  when  NAO  is  in  its  negative  phase  and
the  WP  is  in  its  positive  phase,  the  northern  part  of  East
Asia is cold, and the southern part is warm. Under suitable
conditions,  the  cold  air  in  the  north  is  transported  south-
ward, resulting in cooling weather. From the NAO and WP
index,  the  NAO  index  was –0.37,  and  the  WP  index  was
0.96 in 2016; in 2021, the NAO index was –1.8, and the WP
index was 2.45. These values are in line with this configura-
tion. However, due to its early occurrence, the configuration
of the cold wave in 2023 differs from these two events. There-
fore,  the  practicality  of  solely  using  the  NAO  and  WP
indexes to evaluate early winter cold events in eastern Asia
needs to be reconsidered.
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