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Abstract: Based on the daily minimum air temperature (Tp,) data from the China Meteorological
Data Network and the NCEP/DOE reanalysis data, the intra-seasonal circulation characteristics
and evolution of extreme cold events (ECEs) in Northeast-North China (NE-N) during the winter
of 1979-2018 are explored, and the synergistic effects of key circulation systems in the mid-high
latitude on ECEs are discussed. The results show that: (1) the winter daily T\, in the NE-N region
presents a significant low-frequency period of 10-30 d; during the cooling phases, a pair of cyclone—
anticyclone in the lower troposphere moves southeastward, accompanying the intensifying Siberian
High, and leads to the abnormal northerly; the developing wave trains in the middle troposphere
result in enhancing and maintaining cold air; furthermore, the situation of the upper tropospheric jet
weakening in the north and strengthening in the south is favorable for cold air to move southward
and accumulate in the NE-N region. (2) There are two wave trains in the Eurasian at 200 hPa level.
The north one moves southeastward through the Ural Mountains to the coast of East Asia, with
the upstream wave activity flux dispersing to NE-N region, causing the northeast cold vortex to
develop. The south one with relatively weak intensity disperses the wave flux northward, and
enhances the cold vortex. (3) The key circulation systems of ECEs are the Siberian High, the Ural
Mountain Blocking High, the Northeast Cold Vortex, and the East Asian Subtropical Jet. The Ural
Mountains Blocking High leads four phases earlier than low temperature, and the rest of the systems
are basically in phase with low temperature. The synergistic effect of circulation systems will lead to
extended-range cold in the NE-N region.

Keywords: extreme cold events; intra-seasonal oscillation (ISO); mid-high latitude circulation systems;
synergistic effect; wave activity flux

1. Introduction

Some recent studies suggested that the frequency and intensity of extreme weather
events increase due to the significant global climate change; thus, extreme cold events
(ECEs) and related secondary disasters present a more serious state [1,2]. As the political,
transportation, and agricultural center of China, cold surges have tremendous damage
on the economy and people’s lives in Northeast and North China (NE-N), the disastrous
events attract broad attention from society.

The direct reason for ECEs is the abnormal atmospheric circulation. As one of the
most active circulation systems in the Northern Hemisphere during winter [3], studies
show that the strength of the East Asian winter monsoon leads to unusual temperature in
China [4,5]. The members of the winter monsoon system mainly include the Siberian High
(SH), the Ural Blocking High (UBH), the East Asian Trough, and the westerly jet in the
upper troposphere [6-8]. Besides the effects of the individual system only, recent studies

Atmosphere 2022, 13, 1425. https:/ /doi.org/10.3390/atmos13091425

https://www.mdpi.com/journal /atmosphere


https://doi.org/10.3390/atmos13091425
https://doi.org/10.3390/atmos13091425
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/atmosphere
https://www.mdpi.com
https://orcid.org/0000-0003-4125-7710
https://orcid.org/0000-0001-7550-3946
https://doi.org/10.3390/atmos13091425
https://www.mdpi.com/journal/atmosphere
https://www.mdpi.com/article/10.3390/atmos13091425?type=check_update&version=1

Atmosphere 2022, 13, 1425

20f15

pointed out that the synergistic effect of each system can cause extended persistent cold
events in China. The interaction of UBH and SH will have a more significant impact on the
wind and temperature fields in winter [9-11]; the Arctic Oscillation (AO) is related to the
tropospheric circulation system through westerly disturbances in the lower stratosphere
at mid-high latitude, causing the SH in phase with the Aleutian Low, further leading to
a steep temperature anomaly in East Asia [12-14]; the synergistic effect of high-latitude
blocking often causes ECEs in China by transiting the AO phase, Polar Vortex intensity,
and location, which provides a reference for predicting ECEs about 10-20 days ahead [15].

The intra-seasonal oscillation (ISO) mainly includes two concerned bands with 10-30 d
and 30-60 d periods, which are between the weather and short-term climate change,
and have a profound influence on persistent circulation anomalies and the local weather
and climate [16,17]. Earlier research mainly focuses on the phenomenon over tropical
regions [18-20]; however, ISO is found on a global scale [21,22]. More recent studies
demonstrate that ISO over mid-high latitude plays a critical role in precipitation and
temperature anomalies [23-25], and also provides a favorable large-scale circulation for
cold surges [26,27].

The winter temperature in China and related mid-high latitude circulation systems
also have robust ISO periods. The strong cold air mainly manifests a quasi-40 d periodic
oscillation [28], and the interaction of ISO between mid-high and low latitudes will provoke
the outbreak of persistent ECEs in China [29-31]. Many case studies pointed out that Chi-
nese winter temperatures, SH, and the mid-high latitude blocking high show a significant
ISO period of 10-30 d. The intra-seasonal evolution of the UBH is favorable for enhancing
SH, and, thus, result in the cold wave intensifying [32,33]; the Northeast-Asian-type Polar
Vortex is most closely related to winter temperature in Northeast China. Both the geopoten-
tial height in the key stratosphere and the surface temperature in Northeast China have
an oscillation period of about 50 d, and the ISO of the geopotential height is ahead of the
temperature [34], which is an indicator for the medium-range forecasting of persistent low
temperature processes [35,36].

Previous works investigated the causes of extreme low temperature on an intra-
seasonal scale; the studies mainly focus on individual circulation systems and cases, but
how they synergistically affect ECEs has yet to be fully elucidated. Therefore, this paper
intends to explore the internal mechanism of occurrence and development of ECEs in NE-N
through the synergistic effects of various systems, with a view to provide a theoretical basis
for extracting extended-term forecast signals.

The rest of the paper is organized as follows. Section 2 describes the data and method-
ology. Section 3 defines the low-temperature threshold and extended persistent cold events
in the NE-N region; Section 4 discusses the ISO characteristics of ECEs, and identifies the
key circulation systems; Section 5 explores the synergistic variation of the systems and their
effects on low-frequency ECEs (LECEs) in the NE-N region. Section 6 provides a summary
and discussion of the full text.

2. Data and Methodology
2.1. Data

The daily minimum temperature (Tpin) is obtained from China’s Ground Temperature
0.5° x 0.5° Gridded Dataset (V2.0), provided by The National Climate Center of China
Meteorological Administration (NCC/CMA). The dataset is compiled from the daily tem-
perature records of 2472 meteorological stations (excluding 2 distant island stations) over
the Chinese mainland [37,38]. The National Meteorological Information Center organizes
the data and conducts strict checks and audits. Gridded data is interpolated from station
data using Thin Plate Spline and 3D geospatial information. The cross-validation results
show that the interpolation model gets a good effect, and the precision is relatively high [39],
50 Trin can be used to analyze the low temperature characteristics.

The daily reanalysis data, with a resolution of 2.5° x 2.5° and 17 vertical pressure
levels (1000-10 hPa), is provided by the National Centers for Environmental Predic-
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tion/Department of Energy (NCEP/DOE) [40]. The variables include sea level pressure
(SLP), geopotential height, temperature, vertical p-velocity, and zonal and meridional wind.

The data for this study span from 1979 to 2019, with winter defined as December,
January, and February (February 29 in leap years is removed from the data). The NE-N
region is between 35-55° N and 110-135° E within China.

2.2. Methods

To identify the dominant oscillation period of Tpin in the study area, a power spectrum
analysis and red noise test are performed after removing the annual cycle and synoptic-
scale disturbance (7-day running mean). The intra-seasonal components of meteorological
elements are extracted accordingly by a Lanczos band-pass filter [41], and then we find
essential circulation systems by elaborating the circulation features of LECEs through
composite analysis. Moreover, methods such as lead-lag correlation analysis and Student’s
t-test are also used in this paper [42—44].

The propagation of wave energy can be well described by the T-N wave activity flux;
the two-dimensional horizontal expression is as follows [45,46]:
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where U, V are the meridional and zonal winds of the background field (winter 1979-2018),
|U| = VU? 4 VZ; ¢/ is the low-frequency quasi-geostrophic perturbation stream-function
relative to the background field; ¢, A denote the latitude and longitude, respectively; a
represents the earth’s radius; and p = (pressure/1000 hPa).

To discuss the synergistic effect of the key circulation systems on LECEs by their
variation and configuration, the strength indexes are defined as follows [47-49]:

(1) Siberian High Index (SHI): the regional mean SLP anomaly averaged over the area,
40-65° N and 80-120° E, in the extended winter season (from October to March of the
next year);

(2) Ural Blocking High Index (UBHI): the regional mean geopotential height anomaly at
500 hPa averaged over the area, 50-70° N and 55-80° E, in the extended winter season;

(3) Northeast Cold Vortex Index (NECVI): the regional mean geopotential height anomaly at
500 hPa averaged over the area, 40-50° N and 120-130° E, in the extended winter season;

(4) East Asian Subtropical Jet Index (EAS]JI): the regional mean zonal wind anomaly
at 300 hPa averaged over the area, 30-37.5° N and 120-150° E, in the extended
winter season.

3. Definition of ECEs

In this paper, the percentile method is applied to calculate the low temperature thresh-
old [50]: the extreme low temperature threshold for the grid point on a given calendar day
is the 10th percentile value of Ty, in ascending yearly order (the percentile for the day
was calculated using five-day windows centered on that day across all years). In order
to identify typical ECEs, the threshold of its winter averaged is taken as the criterion for
judging low-temperature days (Tmin is lower than the winter-average threshold). The
spatial distribution of the daily average threshold value is shown in Figure 1. The 0 °C line
nears 25° N, with a negative zone to its north (except for the Sichuan Basin) and a positive
zone to its south. The lowest temperature in Northeast China can reach below —36 °C.

The following criteria are used to determine a ECE in the NE-N region [50,51]:

(1) Low temperature day: Tpin is lower than the winter-average threshold;

(2) The number of grid points meeting the low temperature day is counted as the extreme
cold area index S for that day. S constitutes at least 17.48% of the total grid number of
NE-N, and the maximum S exceeds 34.96% of the total grid number of NE-N;
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(3) Persistence: persisting for more than eight days (maximum interruptions of two days
are allowed).
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Figure 1. Spatial distribution of winter-averaged low-temperature threshold (green contour denotes
the 0 value, unit: °C).

According to this, a total of 42 ECEs in NE-N are identified, and the frequency dis-
plays obvious interannual anomaly characteristics. In the winters during 1985 and 2000,
three ECEs with the highest number occurred; the winters during 1979-1986 are the period
of frequent ECEs, with an average of 1.88 events per year; there is an apparent decrease
from 1987-1995, with an average of 0.44 events per year, and then an increase again from
1996-2018, with an average of 1 event per year. This is consistent with the conclusions
obtained by Shi [52] and Xu [53].

4. Intra-Seasonal Oscillation Features of ECEs
4.1. Determination of LECEs

A power spectrum analysis of Ty, in the NE-N region during the winters of 1979-2018
(Figure 2a) reveals that it passes the 95% red noise test in the 1040 d band, and there
is a significant spectral peak near 30 d. It can be seen from Figure 2b that the standard
deviation of Ty after 10-30 d filtering in the NE-N area is relatively high, and it can exceed
2 °C in most areas. The standard deviation of the regional averaged Tmin before and after
filtering was calculated separately, and the contribution rate of the 10-30 d intra-seasonal
component was 44.96%, indicating that there is a large 10-30 d variability of Tp, in NE-N;
thus, LECEs will be defined based on this.
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Figure 2. (a) Winter mean power spectra of daily Tp, over the NE-N region (solid black line)
during 1979-2018. The dashed red line represents the 95% significant level of red noise spectrum.
(b) Standard deviation of 10-30 d filtered T, (unit: °C) in winter. The box denotes the NE-N region
(35-55° N, 110-135° E).

The 10-30 d Lanczos band-pass filter is performed on the Ty, minus threshold in the
NE-N region from 1979 to 2019. Taking the winter of 2000 as an example (Figure 3), the
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variation of the cold days corresponds well to the 10-30 d filtered temperature series, and
the transition phase from positive to negative meets with the unfiltered series. Dividing
each fluctuation of the filtered temperature into eight phases, phase 1 (5) is the transition
phase from negative (positive) to positive (negative), phase 3 (7) is the peak (valley) phase,
and the amplitude values of phases 2, 4 (6, 8) are half of the wave peaks’ (valleys’).
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Figure 3. Time series of Tp,j, minus threshold (grey bar, unit: °C) and standardized 10-30 d filtered
Tmin (red line) averaged over the NE-N during the winter in 2000 (green dashed line represents
0.5 standard deviation; between the two vertical lines is an ECE; the numbers, 1, 3, 5, 7, and 8,
represent the different phases of the ISO).

The amplitude of the normalized filter sequence exceeding 4-0.5 standard deviation is
recorded as a LECE. There are 31 events with 10-30 d ISO characteristics finally selected
from the 42 ECEs, and the specific dates of their peak phase (phase 3) and valley phase
(phase 7) are shown in Table 1.

Table 1. The specific dates of peak phase (phase 3) and valley phase (phase 7) of 31 LECEs in the
NE-N region.

Case Phase 3 Phase 7 Case Phase 3 Phase 7

1 1979/12/31 1980/01/16 17 2000/12/18 2000/12/24
2 1980/12/20 1981/01/02 18 2001/01/06 2001/01/14
3 1981/01/10 1981/01/16 19 2002/12/17 2003/01/02
4 1981/12/23 1981/12/29 20 2006/01/27 2006/02/04
5 1982/01/09 1982/01/16 21 2009/12/23 2009/12/31
6 1984/01/11 1984/01/17 22 2010/01/06 2010/01/13
7 1984/01/28 1984/02/05 23 2011/01/21 2011/01/28
8 1985/01/03 1985/01/14 24 2012/01/17 2012/01/26
9 1985/12/02 1985/12/09 25 2012/12/15 2012/12/23
10 1985/12/27 1986/01/03 26 2013/02/01 2013/02/07
11 1986/12/24 1986/12/30 27 2014/01/03 2014/01/13
12 1987/01/05 1987/01/11 28 2016/01/14 2016/01/20
13 1993/01/03 1993/01/16 29 2018/01/18 2018/01/24
14 1996/12/26 1997/01/05 30 2018/12/21 2018/12/28
15 1998/01/10 1998/01/23 31 2019/02/01 2019/02/09
16 1999/12/27 2000/01/05

4.2. Features of Intra-Seasonal Circulation

After removing the annual cycle and synoptic-scale fluctuations, the 10-30 d band-
pass filtering is applied to the daily reanalysis data to analyze the tropospheric circulation
structure and investigate the primary low-frequency circulation systems.

4.2.1. Structure and Evolution of Horizontal Circulation

Figure 4 presents the synthetic evolution of the 10-30 d filtered temperature at a
925 hPa level, and the wind at an 850 hPa level. The temperature anomalies in Northeast



Atmosphere 2022, 13, 1425

6 of 15

China are all positive and increasing during the warming phases (phases 1-3); phase 4 is the
transition phase, the center of the positive temperature anomalies moves southeastward;
the NE-N region is covered by negative temperature anomalies in phases 5-7, and reaches
the strongest in phase 7. It is clear from the wind field that over the mid-high latitude, there
is an abnormal cyclone during phases 1-2, and a strong anticyclone close to the Kara Sea
in phase 3. Afterward, the anticyclone gradually moves to the southeast, and the cyclonic
circulation near the northeast of China is more obvious (phases 4-6); thus, the anomalous
northerly component between the anticyclone and the northeast cyclone is stronger. Under
the influence of persistent northerly airflow, more cold air from high latitude is advected
and converges in the NE-N region at phase 7, resulting in the temperature dropping to
the minimum. At phase 8, the anomalous anticyclone disappears, and the cold center also
moves out of the NE-N region.
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Figure 4. Phase evolution of 10-30 d filtered 925 hPa temperature (shading; unit: °C) and 850 hPa
wind (vector; unit: m/s) of LECEs ((a—h), dotted area passes the 95% significance level).

The phase evolution of the 500 hPa vorticity and SLP for LECEs is shown in Figure 5.
The negative vorticity anomaly locates near Novaya Zemlya in the early stage of cooling
(phases 1-2), and the negative vorticity anomaly expands in phases 3—4 and moves south-
eastward to the Ural Mountains, which represents the development of UBH; by this time,
the Baikal region is controlled by the positive vorticity anomaly, and, in its downstream, an
anticyclonic anomaly exists stably, whereas a “— + —” wave train was formed from the Ural
Mountains to the Sea of Okhotsk, and the center of the wave train moves southeastward
while intensifying. The positive anomaly of SLP locates in West Siberia, and then gradually
expands and controls most of China at phase 6. The SH situates more southward and more
eastward, and the center of the positive vorticity anomaly moves to 120° E, corresponding
to the formation and maintenance of the Northeast Cold Vortex (NECV), which is favorable
for cold air to invade China from the west of low pressure. The negative vorticity anomaly
over the Sea of Okhotsk tends to be favored for the cold vortex stagnant in NE-N. The
range of the positive anomaly in the SLP shrinks at phase 7; Northeast Asia and the coastal
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areas of East Asia are controlled by negative SLP anomalies, and the northerly airflow
between them carries cold air from Central Siberia to the northeast, which further reduces
the temperature in the NE-N region (Figure 5g). The center of the cold vortex moves out
of China to the Sea of Japan in phase 8, and the cooling process tends to end with the
weakening and contraction of SH.
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Figure 5. Phase evolution of 10-30 d filtered 500 hPa vorticity (shading; unit: 105 s71) and SLP
(contour; unit: hPa) of LECEs ((a-h), dotted area passes the 95% significance level).

The observational analyses suggest the circulation system in mid-low troposphere is
characterized by eastward movement. In the cooling phases (phases 5-7), the SH expands
to the southeast; at the same time, the 500 hPa vorticity presents the features of “two ridges
and one trough”: negative vorticity anomalies lie near the Ural Mountains and the Yakutsk
region, while a positive anomaly lies in the NE-N region, corresponding to the inverse
Q) pattern of the geopotential height field. Under the influence of the East Asian Trough,
the northerly airflow in front of the ridge and behind the trough guides the low-level
cold air southward to invade China, which is conducive to temperature reduction. In
conclusion, NECV and UBH in the mid-troposphere and SH in the SLP are the key systems
affecting ECEs.

As one of the members of the East Asian monsoon, the East Asian upper tropospheric
jet is associated with the temperature anomalies in East Asia. It is proved that the temperate
jet is stronger at 300 hPa, whereas the strength of subtropical jet is comparable at 300 hPa
and 200 hPa [54]. Therefore, the winter-averaged zonal wind field of 300 hPa from 1979
to 2018 was calculated (not shown). Besides the large-value area observed in the western
North Pacific and south of Japan, usually named the East Asian Subtropical Jet (EAS]) area,
there is also a large zonal wind speed area to the east of Lake Baikal called the East Asian
Polar Front Jet (EAPJ) area. The correlation analysis between the areal-averaged (Tmin
minus threshold) x (—1) and 300 hPa zonal wind field in phase 7 (not shown) indicates that
the EAPJ area presents a negative correlation, whereas the EAS] area presents a stronger
and more significant positive correlation.
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The evolution of the zonal wind at 300 hPa (Figure 6) depicts that in the early period
(phases 1-3), Lake Baikal and its vicinity are occupied by a stronger upper-level jet; hence,
the cold air is blocked at high latitudes; then, cold air moves southward, accompanied
by the positive anomaly of the jet moving to Northern China. The weak EAPJ during
phases 6-7 favors the invasion of cold air from high latitudes into China through Lake
Baikal, whereas the strong EAS] causes cold air to accumulate in NE-N, resulting in
further temperature reduction. Therefore, the barrier effect of EAS]J is closely linked to low
temperature, and is a key circulation system in the upper troposphere.
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Figure 6. Phase evolution of 300 hPa zonal wind (shading: 10-30 d filtered; contour: unfiltered; unit:
m/s) of LECEs ((a-h), dotted area passes the 95% significance level).

4.2.2. Propagation of Wave Activity Flux

The above analysis demonstrates that the evolution of the circulation system may lead
to the development and occurrence of LECEs, and what are the reasons? We try to discuss
it from the perspective of wave activity flux.

It can be seen from Figure 7 that there are two northwest—southeast-oriented wave
trains in the Eurasian continent, named after the northern and southern branch, respectively.
The northern one propagates along the path of the Barents Sea—Kara Sea—West Siberia—-NE-N
region. The southern one propagates along the path of the Western European continent-the
Middle East-the Bay of Bengal. Both wave trains propagate southeastward, reflecting
the propagation path of energy in ECEs. The wave activity flux of the northern branch is
significantly enhanced in phase 6-7, and the influence extent is expanded, which laterally
reflects the greater influence of the northern wave train on ECEs in the NE-N region.

The “+ — +” wave train pattern on the 200 hPa quasi-geostrophic perturbation stream-
function (shading in Figure 7) is similar to that of the 500 hPa vorticity (shading in Figure 5).
The negative center during phases 1-4 moves from the Ural Mountains to Lake Baikal with
a gradual decrease extent; later, the intensity increases, corresponding to the advance of
the cold vortex. The wave activity flux manifests a strong convergence over NE-N during
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phases 67, with the wave energy deepening the NECV and local circulation anomaly. The
obstruction of the downstream blocking high is beneficial to maintain the NECV, and to
confine cold air to NE-N. By contrast, the intensity of the low-latitude signal represented
by the southern wave train is weaker, and the wave flux is transmitted northeastward to
develop the NECV during phases 2-6.
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Figure 7. Phase evolution of 10-30 d filtered 200 hPa T-N wave activity flux (vector; unit: m2/s%;
values less than 0.3 m?/s? are masked) and quasi-geostrophic perturbation stream-function (shading;
unit: 1073 m?2/s) of LECEs.

4.2.3. Structure and Evolution of Vertical Circulation

The analysis of the tropospheric horizontal circulation shows that the evolution of
LECEs in winter in the NE-N region is mainly characterized by cold anomalies and the
southward propagation of the cold vortex. This feature is more obvious in the vertical pro-
files of 10-30 d filtered height and temperature fields (Figure 8). The negative temperature
anomalies in the incipient stage (phases 1-2) are mainly concentrated in the stratosphere
and upper troposphere, whereas the cold anomaly at the low level is weaker and situ-
ates more northward. The geopotential height anomaly in the troposphere is negative
in the north and positive in the south, with 55° N as the dividing line. Then, the cold
vortex in the high latitude of the stratosphere descends and moves southward during
phases 3-5, guiding the cold air to spread southward and downward; thus, the scope of
the low-level cold anomaly gradually expands. Simultaneously, the northeast region is
controlled by the ascending motion, and adiabatic cooling is beneficial to the reduction
of the temperature in the later period. The geopotential height anomaly evolves into a
north—positive and south-negative distribution during phases 6-7, and the cold vortex
also moves southward to the northeast, where it is controlled by a deep low-pressure
system that favors the excitation of northerly wind anomalies. The temperature anomaly
exhibits a structure of upper-warm and lower—cold, with the center of the tropospheric
cold anomaly strengthening and moving southward, contributing to the lower temperature
in the NE-N region.
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meridional wind unit: m s~!, vertical velocity unit: —10% Pa s~!) averaged along the longitudes
110-135° E during LECEs.

5. Synergistic Variation of Intra-Seasonal Circulation Systems

As discussed previously, the key systems affecting the low temperature events in the
NE-N region include SH, UBH, NECV, and EAS]J. The quantitative indexes mentioned in
Section 2.2 are used to explore the key systems’ intra-seasonal characteristics.

The power spectral analysis of each index (Figure 9) shows that SH, UBH, and EAS]
display 10-60 d ISO periods, and NECVI displays 10—40 d periods. All of them have
significant spectral peaks within 10-30 d and pass the 95% red noise test. Based on this,
10-30 d band-pass filtering is performed to analyze the intra-seasonal variation features,
and the effect of their synergy on ECEs is discussed through the periodic variation.
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Figure 9. Power spectra of (a) SHI, (b) UBHI, (c¢) NECVI, and (d) EASJI (solid black line). The dashed
red line represents the 95% significant level of the red noise spectrum.

As depicted in Figure 10a, each system is weak in the incipient stage, whereas the
UBHI in the middle troposphere is stronger in phases 4-5, leading four phases earlier than
low temperature. The NECVI peaks in phase 6, and advances the low temperature by
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one phase due to the eastward UBH. SHI is stronger in phases 5-6, and leads two phases
earlier than low temperature, and the intensity is slightly lower than other systems in the
mid-troposphere. EASJI gradually increases after phase 4 and reaches a peak value in phase
7, inducing a cold air confine in North China, which further reduces the temperature in the

NE-N region.

(b) T

—8—NLCY|

0.60 — — o EAR

=l
: :
e O
& [
2.0 I I T T T T T T T
1 2 3 4 5 8 7 8 1 2 3 4 5 6 7 8
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Figure 10. Phase evolution of (a) the strength indexes and (b) lead-lag correlation coefficients between
strength indexes at phases 1-8 and (Tjyin minus threshold) x (—1) at phase 7.

The results of the lead-lag correlation analysis between the circulation system indexes
in each phase and the (T, minus threshold) x (—1) in phase 7 (Figure 10b) reveal that
the positive correlation coefficient of UBHI is higher in phase 3 (leads four phases); that is,
the development of UBH in the early stage favors the reduction of temperature in the later
stage. The highest correlation coefficient of UBHI appears in phase 6 (leads one phase),
whereas both NECVI and SHI have higher correlation coefficients with low temperature;
SHI even reaches 0.52 (passing the 95% confidence level). This indicates that the synergistic
effect of UBH, SH, and NECV will cause prevailing northerly winds, and transport cold
air over Northern China in conjunction with EAS], significantly correlated with the low
temperature at phases 7-8, which is favorable for maintaining the NECV and accumulating
cold air, provoking persistently low temperatures in the NE-N region.

As mentioned above, the synergistic variation of the circulation systems in the upper
and lower levels are conducive to the occurrence of LECEs in the NE-N region. As we can
see from the configuration of the circulation systems during the cooling process (Figure 11),
the cold air is initially located near Novaya Zemlya at high latitudes, and the strong EAP]
obstructs the cold air moving southward and accumulating in the mid-high latitudes; the
circulation in the Eurasian region has a strong meridional component, and exhibits an
inverse () pattern with “two ridges and one trough” at 500 hPa. By this time, the cold
vortex is located to the west of Lake Baikal, and the northerly airflow behind the east-west-
oriented trough and the southwest of the cold vortex transports cold air to the north of the
Sayan Range. Moreover, the Siberia region of the SLP is a negative anomaly. The NE-N
region is a warm anomaly and is not affected by cold air. With the evolution of ISO phases,
the weakening of the upper-level EAPJ guides cold air southward, and the barrier effect
of the powerful EAS] causes cold air to be enriched around the NE-N region. With the
enhancement of the wave train in Eurasia at 500 hPa, the blockage situation makes the
cold air accumulate to the east of the Ural Mountains and the west of Lake Baikal. The
eastward-moving UBH at phase 7 and the stable downstream blocking high cause the
NECV to contract and move southward, jointly with the strong SH on the SLP, leading
to the northerly wind being enhanced. During this process, the cold air in the upper
troposphere propagates southward and downward to the lower level, eventually resulting
in the ECEs in the NE-N region.
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6. Conclusions and Discussion
6.1. Conclusions

In this paper, we identify the key systems by analyzing the circulation characteristics of

LECEs during the winter of 19792018, and the synergistic effects of the circulation systems
on LECEs are discussed in conjunction with intensity indexes. The main conclusions are
as follows:

@
@)

®)

4)

The frequency of ECEs in the NE-N region has obvious interannual anomaly charac-
teristics; the dominant ISO period of regional-averaged Ty, is 10-30 d.

During the cooling phases, a pair of southeastward cyclone-anticyclone and inten-
sifying SH jointly induce anomalous northerly wind. A low-frequency wave train
in the middle troposphere leads to the NECV developing with a blockage situation.
The cold center expands and strengthens, accompanied by an extending downward
and southward cold vortex. The upper troposphere is dominated by weak EAPJ and
strong EAS]J, guiding the cold air outbreak and accumulating in the NE-N region.
The 200 hPa wave activity flux shows north and south branch wave trains over
the Eurasian region. The north one indicates a “+ — +” wave train, which moves
southeastward through the Ural Mountains and Lake Baikal to the East Asian coast.
Over the NE-N region, there is a wave flux convergence zone in phases 6-7, and
the NECV maintains due to the upstream energy replenishment. The south one,
which reflects a weaker northwardly dispersed wave activity flux, enhances NECV in
phases 2-6.

The key circulation systems affecting LECEs include the SH, the UBH, the NECV, and
the EAS]J. The cold air locates near Novaya Zemlya in the early phases with weak
systems. Subsequently, the developing UBH and stable Okhotsk Sea Blocking High
induce the strongest NECV in phase 6. The SH in phase with the low temperature
gradually extends and moves southward, and cooperates with the weak EAPJ and
strong EASJ in phases 7-8 to account for cold air stagnation and ECEs over NE-N.

6.2. Discussion

It is worth noting that this paper only analyzes the circulation characteristics of the

tropospheric atmosphere and the synergy of key systems during the ECEs. In fact, changes
in the stratospheric atmosphere also have an important impact on the low temperature pro-
cess. We notice that cold vortex and cold anomaly are initially located in the stratosphere,
and then gradually descended (Figure 8); this characteristic is also reflected in other studies
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of low-temperature events in China [55,56]. Recent views examine that the influence of
the stratosphere-troposphere coupling processes on the East Asian winter temperature is
considerable [57]. The stratospheric polar vortex contains information that can enhance
forecasts of cold air outbreaks [58]. The atmospheric circulation and dynamical charac-
teristics of strong and weak stratosphere polar vortexes are also different [59]. Therefore,
the contribution of the stratospheric system to ECEs will be demonstrated in the future.
Equally, the propagation characteristics of low-frequency cold air in the stratosphere also
need to be further explored.
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