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ABSTRACT

Starting in mid-November, China was hit by several cold events during the early winter of 2020/21. The lowest
temperature observed at Beijing station on 7 January reached —19.6°C. In this paper, we show that the outbreak of the
record-breaking extreme cold event can be attributed to a huge merging Ural blocking (UB) ridge over the Eurasian region.
The sea-ice cover in the Kara and East Siberia Seas (KESS) in autumn was at its lowest value since 1979, which could have
served as a precursor signal. Further analysis shows that several successive UB episodes occurred from 1 September 2020
to 10 January 2021. The persistent UB that occurred in late September/early October 2020 may have made an important
contribution to the October historical minimum of sea ice in the KESS region. Our results also show that, after each UB
episode in winter, significant upward propagation of wave activity occurred around 60°E, which resulted in weakening the
stratospheric vortex. Meanwhile, each UB episode also caused a significant reduction in sea-ice extent in KESS and a
significant weakening of the westerly jet in mid-high-latitude Eurasia. Results suggest that the Arctic vortex, which is
supposed to enhance seasonally, became weaker and more unstable than the climatic mean under the seasonal cumulative
effects of UB episodes, KESS warming, and long-lasting negative-phase North Atlantic Oscillation (NAO-). Those
seasonal cumulative effects, combined with the impact of La Nifia winter, led to the frequent occurrence of extreme cold
events.
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Article Highlights:

* The sea-ice cover in the Kara and East Siberia Seas in autumn 2020 was at its lowest value since 1979, which provides a
precursor signal.

¢ Successive Ural blocking (UB) episodes that occurred from fall 2020 to January 2021 served as crucial physical
processes.

* The seasonal cumulative effects of UBs, combined with other abnormal factors, led to the frequent occurrence of extreme
cold events.

Introduction

eorological stations observed their lowest temperatures on

On 6 January 2021, China was impacted by the
strongest cold air outbreak of that winter, accompanied by
widespread strong cooling and windy weather. Several met-
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record for the same period during 6-8 January. For
example, the 2-m temperature recorded at Beijing station on
7 January reached —19.6°C, which is the second-lowest tem-
perature since 1951 (http://www.cma.gov.cn/2011wmhd/
201 1wzbft/2011wftzb/202101/t20210107_569795.html). In
addition, China also experienced several frequent cold
events in the early winter of 2020/21.

In recent years, along with continued global warming
and regional climate anomalies, extreme weather—espe-
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cially extreme cold weather in winter—has been frequently
observed over continental Eurasia (Ding et al., 2008; Hui,
2009; Wu et al., 2011, 2017; Cohen et al., 2014; Yao et al.,
2016, 2017) and North America (Whan et al., 2016; Cohen
et al, 2018a). Extreme cold surges are an important
research topic because they have a significant impact on
many aspects of people’s daily lives—for example, their cloth-
ing, food, housing, and economic activities. Many studies
have examined the physical causes of such extreme weather
processes (Ding et al., 2008; Hui, 2009; Wu et al., 2011,
2017; Luo et al., 2014; Yao et al., 2017; Zheng et al., 2021).
For the invasion of cold air from the Arctic to mid—low-latit-
ude land areas, anomalous meridional circulation is neces-
sary to provide a suitable background such as blocking and
a negative-phase of the North Atlantic Oscillation (NAO-)
(Herring etal., 2016; Whan et al., 2016; Yao et al., 2016; Mar-
tineau et al., 2017). The meridional circulation can guide the
southward movement of cold air in the polar regions and is
the conceptual equivalent to opening a gap through the
strong westerly jet. In addition, a climatic context is neces-
sary for such extreme anomalous meridional circulation to
occur—for example, ENSO, Arctic amplification, etc.
(Ding et al., 2008; Hui, 2009; Wu et al., 2011; Yao et al,,
2017; Zheng et al., 2021). In other words, the occurrence of
an extreme weather process is often the result of a combina-
tion of several factors (Yao et al., 2016, 2017; Li et al.,
2020; Zheng et al., 2021).

Many studies (Luo et al., 2016; Gong and Luo, 2017;
Chen et al., 2018; Tyrlis et al., 2019) have examined the
important role of Ural blocking (UB) in driving Arctic sea-
ice loss and Eurasian cold extremes and their link with the
stratospheric vortex in autumn and early winter 2016-17 (Tyr-
lis et al., 2019). Large-scale atmospheric circulations such
as UB and the Siberian high may increase the frequency of
cold waves over Eurasia by intensifying the amplitude of
the westerly jet meandering under the forcing of global warm-
ing, as revealed by Ma and Zhu (2019). Lii et al. (2020) sug-
gested that the accumulation of snow in Siberia can contrib-
ute to sudden stratospheric warming and its downward trans-
mission, which in turn facilitates the formation and develop-
ment of a negative phase of the NAO, ultimately causing
the onset of extreme cold weather in Eurasia. Zhang et al.
(2019) suggested that the dipole mode of Eurasian winter-
spring snow cover can induce large-scale teleconnection pat-
terns by influencing sea-ice concentrations (SICs), thus fur-
ther prolonging the cold conditions in Eurasia. The link
between Arctic amplification and mid-latitude extreme cold
weather in the context of global warming has become a hot
topic of research (Cohen et al., 2014; Wu et al., 2015, 2017;
Overland et al., 2016; Francis et al.,, 2017; Wu, 2017).
Many studies have examined how anomalies in pre-exist-
ing sea ice can affect the state of atmospheric circulation (
Gong and Luo, 2017; Wu, 2017; Chen et al., 2018) or precipit-
ation in later periods, and on time scales that are likely to be
cross-seasonal (Li and Wang, 2012; Wu et al., 2017; Han
and Li, 2018; Li et al., 2018; Lii et al., 2019; Ding et al.,
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2021). Han and Li (2018) indicated that the sea-ice anom-
aly in the Labrador Sea in winter seems to be a better pre-
cursor for predicting the spring precipitation anomalies over
southeastern North America and Western Europe. Several
authors have published detailed reviews on Arctic sea ice
and its possible link with Eurasian climate, from which we
can see that the possible link between sea ice in the Arctic
and atmospheric circulation is a consistent assertion, but
that controversies also still exist (Gao et al., 2015; Cohen et
al., 2018b). Indeed, due to the uncertainties and chaotic
nature of the atmosphere and other systems, research in this
area is still very challenging, and the resultant academic
debate is ongoing (Wu et al., 2017; Dai and Song, 2020).

In any case, the extreme cold surges affecting the Euras-
ian midlatitudes are very closely related to meridional circula-
tion anomalies (such as blocking). Although most cold
surges have certain commonalities, each individual case is
unique given the nonlinear and chaotic nature of the atmo-
sphere. This uniqueness is what makes related in-depth invest-
igations a continually worthwhile pursuit. In fact, in many
cases, extreme weather events are dominated by one kind of
weather process but at the same time require the involve-
ment of other weather systems. For instance, Yao et al.
(2016) proposed a mechanism for the combined effect of
the NAO and European blocking on extreme snowstorms in
Europe. In addition, their latest study highlights the unique
combined effect of the NAO and European blocking on
European heat waves (Li et al., 2020). As mentioned in
these studies (Luo et al., 2015; Yao et al., 2016; Li et al.,
2020), the combined effect of the NAO and blocking circula-
tion mainly manifests as the NAO changing the position and
shape of the downstream blocking by altering the strength,
orientation, and position of the westerly jet. In addition, the
ways in which the processes of the two systems can com-
bine to impose a collective effect can be both spatial and tem-
poral in form, and then possibly involve atmospheric telecon-
nection processes. In the case of a temporally combined pro-
cess, the time scale may extend from a contemporaneous
one to an interseasonal, interannual, or even an interdecadal
one. This study examines the specific physical processes
involved in this cold event and the possible combined effect
that existed within these processes.

The remainder of this paper is structured as follows:
The datasets and methods are described in section 2. In sec-
tion 3 we describe the evolution of the atmospheric circula-
tion during the January 2021 cold event and its detailed fea-
tures from a daily perspective. The historical minimum
value of the sea ice in the Kara and East Siberia Seas
(KESS) in autumn (October) 2020 is investigated in section
4, which is considered as a precursor to this cold event.
Also in section 4, we show how the UB was organized into
five successive events from 1 September 2020 to 6 January
2021. Meanwhile, the upward flux of wave activity induced
by the UB can weaken the stratospheric vortex. The anom-
alies of the West Pacific sea surface temperature (SST) associ-
ated with La Nifla are presented in section 5. Finally, conclu-
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sions and some further discussion are provided in section 6.

2. Data and methods

2.1. Datasets

The main datasets used in this study are the latest daily
reanalysis (ERAS) dataset (Hersbach and Dee, 2016) from
the European Centre for Medium-Range Weather Forecasts,
covering the period from 1979 to 2021 and including geopo-
tential height, temperature, horizontal wind components (u
and v), surface (2-m) air temperature (SAT), surface pres-
sure, and SIC, at a 2.5° x 2.5° spatial resolution, and the
monthly SIC and SST data derived from the Met Office Had-
ley Centre at a resolution of 1° x 1°. To corroborate the
robustness of the sea-ice variability, the monthly and daily
(1 September 2020 to 1 January 2021) datasets of the
National Snow & Ice Data Center (NSIDC) in the northern
polar stereographic projection, on a grid of 25 km x 25 km,
are also used in this paper.

To measure the SAT variability over the region of
China under the impact of the cold event, the time-mean
(1-8 January 2021) temperature data of 2414 stations nation-
wide are used, as well as the mean temperature data of nation-
wide stations from 1 September 2020 to 1 January 2021. Fur-
thermore, the monthly tropical SST series, including the
Nifio-142, Nifio-3.4, and Nifo-4 indexes, and the daily
NAO index, from the Climate Prediction Center
(https://psl.noaa.gov/data/climateindices), are used to exam-
ine the impact of multi-factor synergy on this cold-air out-
break over East Asia.

2.2. Methods

The occurrence of this cold event was closely related to
the UB, and so it is necessary to examine the evolution of
the UB during this period. To prevent omitted UB cases,
two kinds of identification methods are used in this
research, the geopotential height anomaly, and the one-dimen-
sional blocking index (Tibaldi and Molteni, 1990), abbrevi-
ated as TM index. A UB case is defined when at least one
of these two conditions is met. Specifically, the first method
works based on the maximum value of the 500-hPa geopoten-
tial height anomaly over the region (40°-85°N, 30°-150°E)
being larger than 250 gpm for at least five consecutive days.
The TM index method, meanwhile, refers to the reverse of
the 500-hPa geopotential height gradient, which is defined
by

GHGN = [Z500(4, pn) = Z500(4, ¢0)]/ (¢ = o) ,

GHGS = [Z500(4, ¢0) - Z500(4, ¢5)1/ (b0 — ¢s) »

where Z500 indicates the 500-hPa geopotential height,
dn =80°N+A, ¢pg =60°N+A, ¢ps =40°N+A, and A = -5°,
0° or 5°. A UB case can be recognized if two criteria,
GHGS >0 gpm (°lat)™! and GHGN < —10 gpm (°lat)™!,
are both met for at least 10 consecutive longitudes (1) and
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five continuous days within the zonal range of 30°-150°E.
Lag-0 is the strongest day of the UB, which denotes when
the maximum value of the geopotential height anomaly is at
its largest during the lifespan of the UB.

To explore the spatial distributions of the cold air mass
and its source during this cold event, according to Iwasaki
et al. (2014), the cold air mass (DP) is given as the pressure
difference between the earth’s surface and the isentropic sur-
face of a reference potential temperature (6r),
DP = Pg — P(6t), where Pg and P(6r) signify the pressure of
the earth’s surface and a specific isentropic surface separ-
ately. 6r =280 K, as in Iwasaki et al. (2014). The temporal
evolution of the local cold air mass can be expressed as
0(DP)/0t=-V-Fc+ Q, where Q signifies the variability
of potential temperature due to diabatic heating (Yamagu-
chi et al., 2019). F¢c = fP};ZT)vdp is the cold air mass flux
and v is the horizontal wind vector.

During this cold air outbreak, the stratospheric and tropo-
spheric polar vortices weakened and split, and variabilities
in the stratosphere were consistently caused by the upward tro-
pospheric signal. For this purpose, the Eliassen-Palm (EP)
flux in spherical geometry can be calculated to depict the
impact of tropospheric planetary-scale activity on the strato-
sphere. The EP flux, F=(F,F,), can be written as
F,=-Rcosou'v', F,=Rfcosgv'd /0, (Edmon et al,
1980), in which R, f, ¢ and @ are the Earth’s radius, Cori-
olis parameter, latitude, and potential temperature, respect-
ively. Overbars signify the zonal mean over a given zonal
range, and primes signify departures therefrom. The trans-
formed mean zonal equation can be obtained as
0it/ 0t = (Rcos)™'V - F + f v*, where ¥* is residually meridi-
onal circulation (Andrews and Mclntyre, 1978). In this
paper, the daily tendency of zonal wind caused by the vari-
ance of the EP flux can be expressed as
Aii = {(Rcosg)™'V- F}At, At = 1 day. Given that F, cannot
display the spatial distributions of upward wave energy, the
poleward eddy heat transport (EHT) v'T’ at 100-hPa can
therefore be used to diagnose the horizontal distribution of
EP between the stratosphere and troposphere (Tyrlis et al.,
2019). The value of EHT corresponds well to F,, wherein a
positive value denotes the upward propagation of wave
energy from lower levels.

3. Extreme cold weather event in January
2021

3.1. Evolution of the atmospheric circulation

On 6 January 2021, China was hit by a widespread cold
wave accompanied by strong cooling and windy weather.
Figure 1 shows the SAT anomaly distribution averaged
from 6 to 8 January based on the station-observed data
(2414 stations). It can be seen that nearly all of China experi-
enced a sharp SAT decline during 6 to 8 January, except for
asmall part in southwestern China. The average SAT in north-
ern China from 6 to 8 January was more than —10°C colder
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Fig. 1. Spatial patterns of time-averaged (6—8 January 2021) SAT anomalies
(units: K) relative to corresponding daily means for 1981-2010 of 2414

stations across China.

than climatology. Even over the most southern region of
China, the SAT still exhibited a clear decline during this
cold wave. To visualize the physical processes during this
cold event, it is necessary to examine the evolution of the
atmospheric circulation, especially from the daily perspect-
ive. Figure 2 shows the daily evolution of the geopotential
height at 500 hPa and the SAT anomalies from 29 Decem-
ber 2020 to 9 January 2021. On 29 December, a huge anticyc-
lone already existed over mid-high-latitude Eurasian land
areas, which can be identified as a UB process. It can be
seen that the anticyclonic center covered a large area from
around 0° to 120°E, with the maximum center located at
approximately 60°E. The cyclonic center located to the south-
east of the anticyclone was much weaker in intensity com-
pared to the anticyclonic center. However, the anticyclonic
center had a southward spread around 30°E to 60°E and
reached 30°N on 4 January and even to 30°N on 9 January
(Fig. 2). This may have been due to the mid—low-latitude
wave train that developed from 29 December to 9 January.
Starting from 29 December, we can see that there was a latit-
udinal wave train starting to develop from the North
Atlantic to the Mediterranean Sea, which then extended to
near the Caspian Sea. The wave train had a structure, and
the last positive center of the wave train was the part of the
UB anticyclonic center that extended southward during this
period. In other words, the wave train and the UB both
developed in the same period, and some parts of the two
merged and coupled together during their development.
Therefore, there were quite a few differences between
this UB (Fig. 2) and the classical UB structure described in
previous observational studies (see Fig. 8b in Yao et al.
(2017)). In the North Atlantic region, the latitudinal wave
train mentioned above had an unstable structure during its
development from 29 December to 9 January (Fig. 2). From
2 to 9 January, the positive and negative anomaly centers
over the North Atlantic region gradually shifted from a latitud-
inal to a longitudinal orientation and developed into a northw-

est—southeast-tilted dipole mode (Fig. 2). This dipole mode
had a classic NAO- structure as shown in many previous stud-
ies (e.g., Benedict et al., 2004; Yao and Luo, 2014), only at
a lower overall latitude than the mean state. An NAO in a
more shifted mean state will have a different impact on the
local weather, leading to an increased probability of
extreme weather processes (Yao and Luo, 2014; Yao et al.,
2016; Li et al., 2020). In fact, the defining criterion for an
NAO or blocking event is the unified description standard
for their most common characteristics. However, each indi-
vidual case has its own deviations from this criterion. At the
same time, each individual case is likely to be accompanied
by other systems when it occurs, and such deviations and com-
bined impacts between systems are probably the most import-
ant nonlinear and uncertain mechanisms leading to the occur-
rence of extreme weather, as revealed by previous research
(Luo et al., 2015; Yao et al., 2016; Li et al., 2020). The col-
lective processes during this cold event are further
described in section 5.

Meanwhile, the positive and negative SAT anomalies
that accompanied the UB geopotential height anomalies can
also be examined (Fig. 2, shading). It can be seen that posit-
ive (negative) geopotential height anomalies were associ-
ated with positive (negative) SAT anomalies, which is the
classical characteristic of temperature distribution due to
blocking circulation as presented in previous studies (Luo et
al., 2016; Yao and Luo, 2018). The positive SAT anomaly
at high latitudes around the KESS region would have
favored a decline in sea ice during the UB life cycle on the
synoptic time scale (Luo et al., 2017), which is demon-
strated in the following section. As the blocking developed,
the negative SAT anomaly associated with the cyclonic cen-
ter, shown in Fig. 2, moved slowly from the Siberian region
to the middle and lower latitudes, eventually causing signific-
ant cooling to occur in areas of east-central and southern
China on 6 January. In fact, from the end of December to
the 8th of January, China experienced two extreme cold
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Fig. 2. Evolutions of daily spatial distributions of 500-hPa geopotential height (contours, CI = 80 gpm) and
SAT (shading, units: K) anomalies from 29 December 2020 to 9 January 2021.
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events, which has been indicated by Zheng et al. (2021). this cold air and its pathways, we calculated the cold air
This will be mentioned later in the further analysis. flux to show the movement of the cold air mass in Fig. 3. It
can be seen that at the end of December the source of the
cold air (shaded in red) was over the Arctic, at around
To provide a more visual representation of the origin of ~ 120°E. Then, beginning on 1 January, the cold air started to

3.2. Source and pathways of the cold air
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Fig. 3. Spatial patterns of daily cold air mass (shading; in hPa) and its flux vector (arrows; in hPa m s~!) from 29 December 2020 to
9 January 2021. Cold air mass, DP = Ps — P(6r), is defined as the pressure difference between the 280-K potential temperature surface
P(0r) and the earth’s surface Pg, and its flux vector can be expressed as fp ’; (HT)vdp, v =(u,v).
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move gradually towards the lower latitudes. The direction
of movement of the cold air can be observed through the
wind vectors (arrows) in Fig. 3. By 3 January, the cold air
had moved pointedly into the middle and high latitudes and
was distributed between 90° and 120°E. Then, from 5 Janu-
ary onwards, the cold air mass split from the higher latit-
udes and moved rapidly to the middle and lower latitudes.
From 6 to 9 January, it can be seen that a large, relatively
independent cold air mass had emerged at 120°E in the
middle and low latitudes. This cold air mass was entrenched
over the central-eastern and southern parts of China, caus-
ing an outbreak of extremely cold weather as shown in
Fig. 1. It should be pointed out that on 29 December 2020, a
strong mass of cold air had settled over northeast China,
which caused a prominent cooling process to take place
over a wide area of the country. In other words, about a
week before this extreme cold event (6 Jan), an appreciable
cooling process had already been experienced by most of
China, therefore, this extreme cold wave was preceded by
the combined impacts of at least one or even a few cold
waves. Several cooling processes were closely associated
with the UB, and these coactive processes are examined in
detail together in section 5.

90°E

90°E
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4. Signals of pre-autumn KESS sea ice

To investigate the potential role of the Arctic sea-ice
anomaly on the cold event, we show the sea-ice cover distribu-
tions for each month in autumn 2020 in Fig. 4. To avoid
uncertainty between different datasets, two widely used sea-
ice datasets (Hadley sea-ice data and the NSIDC dataset)
were used simultaneously. The data suggest that, for the
entire Arctic, the negative sea-ice cover anomaly was
mainly concentrated in the KESS (75°-85°N, 60°E-180°)
for each month in autumn. The negative sea-ice anomaly
was most evident in October during autumn 2020. The negat-
ive sea-ice anomaly in autumn may have caused a weaken-
ing of the meridional temperature gradient in the middle and
high latitudes of the Eurasian region, causing the westerly
jet to weaken and become unstable in the Eurasian region,
providing a favorable background condition for the excita-
tion of future meridional circulation anomalies, as revealed
in Tyrlis et al. (2019). It can be seen that the negative anom-
aly of the sea ice moved gradually from the KESS (Figs. 4b
and e) towards the Barents—Kara Seas as the season became
colder (Figs. 4c and f).

To determine whether the sea-ice cover in KESS in
autumn 2020 was extremely low compared to historical val-

100
80
60
40

20

90°E

Fig. 4. Spatial patterns of SIC anomalies (units: %) for (a, d) September, (b, €) October, and (c, f) November 2020, based on
monthly SIC data from (a—c) the Met Office Hadley Centre and (d—f) NSIDC. The region marked by the black frame is KESS

(75°-85°N, 60°E-180°).
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ues, we present the Arctic sea-ice variabilities from 1979 to
the present day in Fig. 5. Figures 5a and ¢ show the variabilit-
ies of sea-ice cover in the entire Arctic for autumn (and
each month of autumn). It can be seen that the autumn sea-
ice cover in the entire Arctic has been decreasing rapidly
since 1979, due to the effects of Arctic amplification
(Figs. 5a and c). The Arctic sea-ice cover in September
reached its lowest value on record in 2012 as shown in Figs.
5a and c (red dashed lines), which is consistent with the asso-
ciated official report (https://www.nasa.gov/topics/earth/
features/2012-seaicemin.html). In addition, it can be
observed that the Arctic sea-ice cover in October 2020 (blue
dashed lines) reached its lowest value on record since 1979.
Although the Arctic sea-ice cover in autumn 2020 was very
close to that of 2012 (Hadley) and 2016 (NSIDC), it was
also numerically at its lowest level on record since 1979.
Thus, the extremely low sea-ice anomaly in the Arctic may
have provided a pre-existing signal for the atmospheric circu-
lation to act upon in later months. However, for the Euras-
ian region, the sea ice in the KESS may have a closer link
with the atmospheric circulation and extreme weather, accord-
ing to previous studies (Luo et al., 2016, 2017; Tyrlis et al.,
2019). Therefore, we show the KESS sea-ice variabilities
since 1979 in Figs. 5b and d. The results show that the
KESS sea-ice cover in both October and autumn 2020 exhib-
ited their lowest recorded values since 1979. In particular,
the KESS sea-ice cover in October 2020 (blue dashed lines
in Figs. 5b and d) was well below the second-lowest value
on record. In summary, the conclusion that the KESS sea-
ice cover in October and autumn 2020 were at their lowest
values since 1979 is solid and reliable, both for the Hadley
and NSIDC sea-ice datasets. In the following section, we dis-
cuss several crucial processes that preceded the cold event

1
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on a cross-seasonal time scale and then identify their com-
bined effects.

5. Combined effects of UB and other climatic

factors
5.1. Cumulative effects of several consecutive and
persistent UBs

It has already been mentioned above that UBs exert an
important influence on Eurasian temperatures and KESS
sea-ice changes. Therefore, it is necessary to examine the fre-
quency of UBs from autumn 2020 to January 2021. We identi-
fied five UB episodes using the identification method men-
tioned earlier from 1 September 2020 to 16 January 2021,
as shown in Fig. 6a (gray shading). From mid-November to
January 2021, three consecutive UB episodes occurred with
only a few days between each episode. The Ural regional
mean 300-hPa zonal wind exhibited frequent fluctuations
from 1 September to 16 January (red solid line in Fig. 6a).
This suggests that each UB episode contributed signific-
antly to the weakening of the westerly zonal wind on synop-
tic time scales. The onset of a UB, accompanied by the estab-
lishment and strengthening of the meridional circulation,
would inevitably have led to a weakening of the mid- and
high-latitude regional zonal wind (Luo, 2005; Luo and Cha,
2012; Yao et al., 2017). The regional mean climatic zonal
wind, as shown in Fig. 6a (dashed line), slowly
strengthened from the warm to the cold season. However,
due to the seasonal cumulative effect of consecutive UB epis-
odes, the zonal wind during mid-November to January
became unstable and weakened dramatically, to a level
much lower than the climatic mean. The weakening of the
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Fig. 5. Time series during 1980-2020 of the spatially averaged SIC anomaly (units: %) over (a, c) the whole Arctic

and (b, d) KESS (75°-85°N, 60°E-180°). The red, blue,

and purple dashed lines represent the SIC variations in

September, October, and November, respectively, and the black solid line represents the autumn mean. The monthly

SIC dataset used here is derived from (a, b) the Met Office

Hadley Centre and (c, d) NSIDC.
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Fig. 6. Time series of (a) the 300-hPa zonal wind (units: m s~!) averaged over the Ural region
(45°-65°N, 30°-120°E), where the red solid line represents autumn/winter 2020, the red
dashed line represents the corresponding daily mean during 1980-2020, and the blue line is
the normalized NAO index, (b) the KESS (75°-85°N, 60°E-180°) SIC derived from the
monthly data of NSIDC (red line) and ERAS (blue line) and mean SAT of 2414 stations
nationwide (black line). The black (blue) dashed boxes indicate the sharp SAT (SIC) decline
associated with UB. The gray shading represents the UB episodes and the vertical gray line

represents the Lag-0 day for each UB episode.

high-altitude zonal jet would have affected the stability of
the polar vortex and changed the normal seasonal strengthen-
ing process of the polar vortex from autumn to winter (Tyr-
lis et al., 2019). This may have provided the background con-
ditions for the early jet stream dynamics to change and eventu-
ally allow for the cold wave outbreak in early January. In
addition, the NAO daily index is also plotted in Fig. 6a
(blue line), from which a clear positive NAO episode
(NAO+) can be observed before or at the beginning of each
UB episode (gray shading). This is consistent with previous
findings that outlined the physical mechanism whereby a
NAO+ episode favors the development of a downstream
UB (Luo et al., 2016; Yao et al., 2017; Yao and Luo, 2018).
At the same time, the development of NAO+ episode usu-
ally occurs a few days ahead of blocking over Europe (Yao
and Luo, 2018). We further composite the NAO and UB
index based on the peak day of the four UB episodes and cal-
culate the lead-lag correlation between them (not shown). Res-
ults show that the transition of the NAO to its positive phase

typically occurs 10 days ahead of a UB episode with a correla-
tion coefficient of 0.78, which also confirms the conclusion
mentioned above that each UB is preceded by a NAO+ epis-
ode. Here, the NAO index had been negative in value since
the start of December, and, although there was a brief posit-
ive phase at the end of December, it turned negative again
immediately thereafter. This may be attributed to the fre-
quent UB episodes that began in mid-November and the asso-
ciated weakening of the westerly jet mentioned above.
Three consecutive and long-lasting UBs provided favorable
westerly jet conditions for the NAO to change from posit-
ive to negative phase and to be maintained over a long
period. At the same time, the positive feedback (Luo and
Cha, 2012; Yao and Luo, 2018) of the NAO- contributes to
a notable weakening of the mid-to-high-latitude westerly jet
in the North Atlantic and western Europe. We also compos-
ite the UB index and regional (Eurasian region) mean 300-
hPa zonal wind based on the peak day of the four UB epis-
odes (not shown). Results show that a UB occurs three days
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ahead of the Ural regional mean 300-hPa zonal wind with a
correlation coefficient of —0.69. Thus, the seasonal cumulat-
ive and combined positive feedbacks of the NAO- and a
UB will contribute to a weakening of the mid-to-high-latit-
ude westerly jet across the North Atlantic and Eurasian
region, providing favorable conditions for the merger and
development of the large-scale anomalous meridional circula-
tion illustrated in Fig. 2.

Figure 6b shows the variations of the KESS sea ice and
SAT over China. The station-observed SAT showed a nor-
mal seasonal decline from autumn to winter (black line in
Fig. 6b); and within this seasonal change, four instances of
dramatic SAT decline can be observed during each UB epis-
ode, which were closely linked to the frequent occurrence
of cold events during early winter of 2020/21. Three signific-
ant SAT declines before 6 January set the stage for the
record low temperatures on that day. The physical mechan-
isms related to the UB, which plays an important role in
SAT declines in East Asia, especially in China, have been
examined in previous studies (Yao et al., 2017; Tyrlis et al.,
2019). In addition, when a UB occurs, it causes significant
warming to occur at high latitudes, particularly in the Bar-
ents—Kara Seas, which causes rapid melting of sea ice on syn-
optic time scales (Luo et al., 2016, 2017; Tyrlis et al.,
2019). In this study, however, we are concerned with the
KESS region, which partially overlaps with the
Barents—Kara Seas, but is a little further east and contains
the East Siberian Sea. This is because the sea-ice anomalies
in Figs. 4 and 5 were in the KESS region. In addition, the loc-
ation of this UB episode was higher in latitude relative to
the climatic norm and more extensive, so the extent of
impact was different. The variation of KESS sea ice from 1
September to 16 January is shown in Fig. 6b (red and blue
lines). Sea-ice coverage gradually increased as the seasonal
decline in temperature in KESS progressed from Septem-
ber to January. Then, amid the gradual increase in KESS
sea ice, there were six relatively significant short periods of
decline (blue boxes), as shown in Fig. 6b. Each of these
short-term reductions in KESS sea ice was accompanied by
a UB episode. A UB had a more pronounced effect on the
reduction in sea ice in the Barents—Kara Seas during this
period (not shown). However, because the abnormal signal
of sea ice in the early autumn was concentrated in the KESS
region, we focus on the KESS region in this study. The data
suggest that, from 1 to 16 September, accompanied by the sea-
sonal reduction in KESS sea ice, the UB episode also made
an important positive feedback to the sea-ice decline. In addi-
tion, the notable short-term sea-ice reduction during 20-26
September, due to the UB episode, may have been the main
reason for the historical sea-ice minimum in KESS. In any
event, several UB episodes made an important contribution
(positive feedback) to the reduction in sea ice in the KESS
region.

5.2. Upward signals caused by UBs

Several UB episodes preceding the onset of the record-
breaking cold event not only caused a reduction in KESS
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sea ice and weakened the regional westerly jet, but may also
have affected the stratosphere through modulating the
upward progress of planetary-scale waves (Kodera et al.,
2013; Shen et al., 2020), which in turn affected the stability
of the polar vortex. Given that the meridional EHT v'T” is dir-
ectly proportional to the vertical component of the EP flux,
we, therefore, show the horizontal distribution of EHT v'T’
at 100 hPa in Fig. 7 to explore the vertical propagation of
wave energy associated with several crucial UB episodes.
The results show that, during or after each UB episode, a sig-
nificant positive (upward) EHT could be observed over the
Ural region (near 60°E to 90°E), especially the UB episode
that occurred in January 2021. This suggests that UB events
can play an important role in the upward propagation of EP
fluxes from the troposphere to the stratosphere over the Ural
region. Meanwhile, anomalous signals of EP fluxes in the stra-
tosphere are often followed by a UB by a few days to a
week, as indicated in Fig. 8a (contours). We composite the
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Fig. 7. Horizontal patterns of v,T, (units: K m s1) at the 100-
hPa pressure level for (a) 16 November 2020, (b) 10 December
2020, and (c) 1 January 2021.
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associated blocking index and F, based on the peak day of
the four UB episodes (not shown). The lead-lag correlation
indicated that UB is ahead of F, by five days with a correla-
tion coefficient of 0.77. We also calculated the lead-lag
correlation between them for the entire period from 1 Septem-
ber to 16 January. Results show that the UB is ahead of F
by 5 days with a correlation coefficient of 0.6 (which is
above the 90% confidence level based on a two-tailed Stu-
dent’s t-test). These results are consistent with related
research (Tyrlis etal., 2019). Figure 8a shows the detailed ver-
tical component of the EP flux, F, at every vertical level,
and the zonal wind tendency, Az, caused by the conver-
gence or divergence of EP flux. The data suggest that the
upward propagation of the EP flux caused by UB in Octo-
ber was not obvious (only up to 150 hPa). The upward EP
flux due to the UB on 16 November was stronger than the
former UB. Subsequently, two UB episodes in early Decem-
ber and January resulted in highly significant uploading of
EP flux which penetrated up to the 10-hPa level, which then
led to the strong aggregation of planetary-wave energy in
the middle stratosphere, as shown in Fig. 8a. Meanwhile,
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the shading in Fig. 8a indicates the daily evolution of zonal
wind tendency caused by the EP flux variance within one
day. From mid-December 2020 to early January 2021, the
stratosphere featured significant negative anomalies in zonal
wind tendency associated with the upward propagation and
stratospheric convergence of EP flux. Meanwhile, Fig. 8b
shows the zonal mean u-wind anomaly at 55°N from
autumn 2020 to January 2021. The data suggest that the not-
able upward propagation of EP flux (Fig. 8a) on 16 Decem-
ber and 1 January contributed greatly to the weakening of
the upper-level (stratosphere) westerly jet and further
weakened the zonal wind downward to the troposphere (as
indicated by the arrow in Fig. 8b). The signal, which charac-
terized the attenuated polar vortex in the stratosphere, penet-
rated down into the troposphere after 1 January to modulate
the local weather over East Asia (Fig. 8b, arrows). This
means that the UB episodes—especially the UBs that
occurred during early December and January—markedly
weakened the strength and stability of the polar vortex. The
weakened polar vortex further stripped the cold air mass
guided by the tropospheric UB, breaking up and peeling
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away from the main body, which in turn affected the middle
and lower latitudes.

Finally, it is worth noting that the Pacific SST had been
developing anomalously since the summer of 2020, which
was a typical La Nifia year (Zheng et al., 2021). The distribu-
tion of SST anomalies in the Pacific Ocean demonstrates a
typical La Nifia SST distribution (Fig. 9). The SST in the cent-
ral-eastern equatorial Pacific shows a widespread negative
anomaly, which contrasts sharply with the KESS warming
(sea-ice decline) at high latitudes (Figs. 4 and 5). This con-
trast would have caused a weakening of the meridional tem-
perature gradient in middle and high latitudes of Eurasia,
favoring the development of a meridional circulation (i.e., a
UB) (Yao et al., 2017; Tyrlis et al., 2019; Zheng et al.,
2021). In addition, there may be anomalous oceanic or atmo-
spheric signals that indirectly influenced the cooling pro-
cesses of the 2020/21 winter. However, they will not be dis-
cussed in this study.

6. Conclusions and discussion

This paper focuses on the frequent occurrence of cold
events during the early winter of 2020/21, in particular the
record-breaking extreme cold event in early January in
China. We have examined, in detail, the physical mechan-
isms of the processes involved (Fig. 10), mainly from the per-
spective of the large-scale atmospheric circulation (i.e., UB
episodes in Fig. 10). At the same time, given the complex cli-
matic background of this cold event, we have also explored
other climatic factors that may have provided an abnormal
background for these processes. In short, the historical min-
imum value of sea-ice cover in the KESS region that
occurred in autumn was a pre-existing background condi-
tion, and several UB episodes from autumn to winter were
specific seasonal cumulative physical processes (as indic-
ated in Fig. 10, dashed lines and arrows). In addition, anomal-
ously cold SSTs in the central-eastern Pacific due to an estab-
lished La Nifa, and a long-lasting NAO- event, were also
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important general background conditions. The seasonal cuamu-
lative and combined impacts (Fig. 10) of these processes led
to the occurrence of these extreme cold events.

The sea-ice cover across the entire Arctic was at a his-
toric minimum value (since 1979) in autumn 2020 (espe-
cially in October). The spatial distribution of sea ice in the
Arctic further suggests that the historical minimum value of
seaice was mainly attributed to the KESS region (KESS shad-
ing in Fig. 10), where sea ice—both in autumn and in Octo-
ber—was at its lowest since 1979. The abnormally low
KESS sea-ice conditions in autumn may have provided a
key precursor to the jet dynamics that occurred later that
winter. This differs from many previous studies (Luo et al.,
2016, 2017) that focused only on sea ice in the Barents—
Kara Seas.

At the same time, from September 2020 to January
2021, several consecutive persistent UB episodes occurred
(gray flow lines in Fig. 10), especially during the cold sea-
son, which, on the one hand, significantly slowed down the
seasonal intensification of the westerly jet and the polar vor-
tex, and on the other hand created a strong tropospheric-to-
stratospheric EP flux upward from the Ural region (arrows a
in Fig. 10), which further weakened the polar vortex (polar
vortex in Fig. 10) through seasonal cumulative effects. The
prolonged NAO- that persisted from December 2020 to Janu-
ary 2021 also led to a weakening of the mid- and high-latit-
ude westerly jet over the North Atlantic and western Europe
(NAO- in Fig. 10). In addition, on synoptic time scales,
each UB caused a significant SAT decline (cold events) in
China and a notable loss of sea ice in the KESS region (red
and blue shading in Fig. 10). The physical mechanisms under-
lying the effects of the UB on sea ice and SAT have
received much attention among researchers (Luo et al.,
2016,2017; Tyrlis etal., 2019). Here, we have further demon-
strated the seasonal cumulative and combined effect of sev-
eral UB processes across seasons. The seasonal cumulative
impact of several UB episodes from early to late December
2020 led to several consecutive cooling processes in China
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Seasonal cumulative effect

Fig. 10. Schematic diagram of the physical processes leading to the cold events in early
winter 2020/21. The thick gray solid line over the Eurasian continent represents the flow line
of the UB. The letter H (L) represents the anticyclonic (cyclonic) center of the UB. Red
(blue) shading indicates the warming (cooling) caused by UB. KESS marks the Kara and East
Siberia Seas with abnormal sea-ice cover. The upward-pointing arrows (a) indicate the
propagation of EP fluxes from the troposphere to the stratosphere (weakening of the polar
vortex) associated with several UB episodes. The downward-pointing arrows (b) highlight
the break-up of the polar vortex and its associated several cold air outbreaks in East Asia. The
light blue shading in the central-eastern Pacific represents the cold SST anomaly due to La
Nifia. NAO- indicates the negative NAO phase starting from December 2020. The dashed
lines represent the several UBs and associated processes that occur across seasons (from Sep

2020 to Jan 2021), which is referred to as the seasonal cumulative effect.

as indicated in Fig. 6b. Several episodes of upward EP flux
(Fig. 8a) and sea ice decline (Fig. 6b) due to several consecut-
ive UBs (Fig. 6, gray vertical stripes) exert a seasonal cumu-
lative impact upon the occurrence of several extreme cold
episodes (Fig. 6b, black boxes). In the schematic diagram
(Fig. 10), we use the dashed lines to represent the several
UBs and associated processes that occur across seasons
from September 2020 to January 2021), which is referred to
as the seasonal cumulative effect in this study. In fact, sev-
eral UBs also caused three significant cooling episodes
between December and early January (Fig. 6b), although
their specific physical processes would have differed. In addi-
tion, the three UBs and their corresponding processes
provided a favorable meridional anomalous circulation
(weak westerly jet) for the record-breaking extreme cold
event outbreak in early January, through a seasonal cumulat-
ive effect.

It is worth noting that there was also a long-lasting UB

episode in early September and one in early October. Signific-
ant KESS sea-ice decline was observed during these two
UB episodes (Fig. 6b). In general, the Arctic sea ice reaches
its minimum coverage by mid-September. Here, the sea-
sonal reduction in KESS sea ice from 1 September to 16
September included an additional reduction due to warm-
ing caused by the UB. This reduction, combined with the per-
sistent UB episode in late September/early October,
weakened the rapid seasonal increase in sea ice that would
have been normally been expected in October. This was
likely one of the important factors contributing to the histor-
ical sea-ice minimum in the KESS region in October
(autumn), at least from an atmospheric circulation perspect-
ive.

Finally, the combination of abnormally cold SSTs in
the central-eastern Pacific (a La Nifia year), starting in
August, and an abnormal KESS warming, starting in
autumn, led to a further weakening of the meridional temper-
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ature gradient across the Eurasian region. This unstable tem-
perature structure and weakened westerly jet provided for a
favorable climatic background for the establishment and
intensification of an anomalous meridional circulation (i.e.,
UB) in later winter. Although the winter SATs in China
were warmer in 2020/21 compared to climatology because
of the extreme warm condition observed during the later
winter (not shown), the frequency and amplitude of SAT fluc-
tuations (decline) during pre-winter (Dec 2020 to Jan 2021)
have become greater due to several UB episodes and associ-
ated processes. However, the numerous cold events of the
pre-winter and the warm anomalies experienced later that
winter were not contradictory. This is likely related to the
shift of the AO (NAO) from a predominantly negative
phase to a positive phase in late February (February), with
the positive phase AO characterized by a stable polar vor-
tex structure that is also not conducive to the appearance of
rapid disturbances. It is also highly likely that some other,
stronger atmospheric or oceanic signal (e.g., the winter mon-
soon) intervened to influence the continuation of the cumulat-
ive seasonal effect, which needs to be further explored in
the future.

In fact, each extreme cold spell has certain commonalit-
ies, but there are also unusual aspects. These unusual
aspects are similar to the nonlinear problem in atmospheric
dynamics, which has a high degree of uncertainty and
chaos. Nonetheless, this study provides a reference for under-
standing the physical mechanisms of such extreme cold
weather. Also, the pre-existing anomalous climate signal in
early autumn can be regarded as a potential predictor to be
used in forecasting. In addition, the issue concerning the
sea-ice cover minimum in autumn 2020 will need to be fur-
ther examined in future work.
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