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Abstract: Winter persistent extreme cold events (WPECEs) often cause great damage to the develop-
ment of economies and people’s lives. The sub-seasonal variation of the atmospheric circulation is
regarded as one of important causes of extreme weather, and is key to propel the extended period
prediction. In this paper, we mainly analyze the WPECEs in Xinjiang region and their relationship
with the sub-seasonal variation of the East Asian polar front jet (PFJ). The results suggest the persis-
tent extreme cold event (equal or greater than 7 days) occurs most frequently in Xinhe County of
Xinjiang region, with obvious inter-annual and inter-decadal variations. Further analysis shows that
the variation of the mean temperature in the key area has characteristics of intra-seasonal variation
when the WPECE occurs. The result of composite analysis shows that this intra-seasonal variation is
related to the sub-seasonal variation of atmospheric circulation, especially the PF] anomalous activity
near Lake Balkhash. By using the power spectrum analysis method, note that the PFJ activity has the
characteristics of quasi-biweekly oscillation (QBWO) in WPECEs. On quasi-biweekly scale (10-20-day
filtered), the weakening of PFJ, the intensification of the zonal easterly wind in the upper troposphere,
the accumulation of the strong cold air, and the intensification of the meridional northerly wind in the
lower troposphere enhance the occurrence of WPECEs in Xinjiang. Further investigation indicates
that the quasi-biweekly PFJ] mainly propagates eastward and southward before the WPECE occurs in
Xinjiang, China.

Keywords: persistent extreme cold event; polar front jet; quasi-biweekly oscillation

1. Introduction

IPCC ARS indicates that each of the last three decades has been successively warmer
at the earth’s surface than any preceding decade since 1850, and warming of the climate
system is unequivocal. Under the RCP8.5 scenario, the extreme weather and climate events
will very likely become more intense and frequent by the end of this century, as global
mean surface temperature increases [1]. In many extreme events, extreme low temperature
has an important effect on social environment and human life. In recent years, China
has suffered frequent persistent extreme cold events in winter. The long durations, wide
ranges of influence, and cold-precipitation-freezing disasters [2—4] have a great influence
on health, agricultural production, social lives, and other aspects of people’s lives [5-8].

The atmospheric low-frequency oscillation generally refers to the 10-100 days of
atmospheric oscillation, mainly including 30-60 days intra-seasonal oscillation (ISO)
and 10-20 days quasi-biweekly oscillation (QBWO). As early as the 1970s, Madden and
Julian [9,10] have found that the tropical atmosphere has a significant 30-60 days ISO in the
variation of wind field and surface pressure field. Further studies show that low-frequency
oscillation is a global atmospheric variation phenomenon, which exists not only in the
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tropics, but also in the mid-high latitude regions [11-14]. The sub-seasonal variations of
atmospheric circulations in the mid-high latitude regions are not only important features
of atmospheric movement, but are also regarded as crucial reasons for the formation of
extreme weather and climate anomalies. A large number of previous studies have shown
that freezing rain and snowstorm events in the winter are closely related to the atmospheric
low-frequency activities. For example, from late January to early February in 2008, an
extreme persistent cold and heavy precipitation event occurred in China. Zhou et al. [15]
proposed this event was related to the strong and stable maintenance of Eurasian blocking
high. Ding [16] investigated the relationships between the Siberian High (SH) and cold
surges, finding that the cold air propagates southward, mainly in 10-20 d low-frequency
oscillation modes when cold surges occur. Gong and Ho [17] revealed the possible causes
of wintertime temperatures in East Asia by considering the influence of intra-seasonal
variation of the SH and Arctic oscillation.

In recent years, sub-seasonal prediction has become a difficult point in climate re-
search [18,19], the study of atmospheric sub-seasonal oscillation is a bridge between
weather and short-term climate prediction. It fills the gap between medium- and long-term
weather prediction and seasonal prediction, which plays an important role in extended
period forecast [20].

To improve the forecast timeliness of extreme weather and climate events, previous
studies have often focused on finding predictive factors with pre-signal characteristics in
various subsystems of atmospheric circulation systems [21,22]. Shi and Bueh [23] found
that before the occurrence of WPECEs in China, the stratospheric geopotential height field
at 100 hPa always exhibited a strong positive anomaly, and the zonal wind at 200 hPa on
the northwest side of Lake Baikal has weakened significantly. In addition, as an important
circulation system in the lower troposphere in winter, the East Asian winter monsoon
is one of the important factors affecting the winter temperature change in China [24-26].
Moreover, the upper level jet over East Asia as an important part of the atmospheric
circulation system in the mid-high latitude regions is also a crucial factor to the extreme
low temperature events in winter. Therefore, the study of the relationships between low-
frequency oscillation and persistent extreme cold events is one of the key factors to develop
the prediction capability of extended period. As an important part of the atmospheric
circulation system in the mid-high latitude regions, by affecting the interactions among
the circulation systems in different latitudes or the upstream and downstream circulation
systems, the variation process of the upper level jet in different scales is closely related to
the large-scale atmospheric circulation and the extreme low temperature events in winter.
For instance, based on the analysis of several, typical, breaking low temperature record
processes in China, it was found that the transport of eddy kinetic energy and transient
disturbance by the upper level jet—corresponding to the record breaking cold processes
in different regions—are significantly different. This means that the concurrent variation
of the upper level jet on the sub-seasonal scale is closely related to the persistent anomaly
cold events [27]. These concurrent variation relationships represent the integral structure
and variation features of the atmospheric circulation over East Asia, which have crucial
influence on extreme weather [28-30].

Therefore, it is of great significance to study the relationships between persistent cold
events and East Asian upper level jet activities on the sub-seasonal scale for improving the
prediction level of the extreme weather and climate in East Asia. In addition, the previous
studies mainly focus on individual events, such as extreme cold and persistent rain and
snow, but there are few studies on the sub-seasonal variation of upper level jet and winter
persistent extreme cold events (WPECEs). This paper mainly studies the distribution
and occurrence of WPECEs in China during the winter of 1961-2018, and analyzes the
associations between the sub-seasonal variation of upper level jet and the atmospheric
circulation in East Asia at mid-high latitude regions. Finally, the possible relationships
between the sub-seasonal variation of upper level jet and WPECEs are revealed.



Atmosphere 2021, 12, 597

30f15

2. Data and Methods
2.1. Data

The following datasets are used in this study: (1) daily mean temperature data of
2479 stations in China from 1961 to 2018, obtained from China Meteorological Data Service
Center [31]. (2) Daily mean sea level pressure (SLP), 500 hPa geopotential height and air
temperature, horizontal and vertical wind at 300 hPa and 850 hPa, which is performed
at 2.5° x 2.5° resolution and cover the period from 1 January 1961 to 31 December 2018,
obtained from the National Centers for Environmental Prediction and National Centers for
Atmospheric Research (NCEP/NCAR) reanalysis data [32].

2.2. Methods
2.2.1. Recognition of the Winter Persistent Extreme Cold Event

This paper defines that winter covers December in the current year to February in the
following year (e.g., the winter of 1961 refers to December 1961 and January-February 1962).
Refer to the methods of defining extreme low temperature events in previous relevant
literature [33,34]. In this paper, the daily average temperature in winter of each station in
China from 1961 to 2018 is ranked into an ascending order, and the 5th percentile value is
taken as the extreme low temperature threshold of the station. Then, we studied the extreme
cold events lasting at least 3 days in Xinjiang region when the daily average temperature
was below the low temperature threshold, and calculated that the average duration of each
persistent extreme cold event was 7.15 d. This article also tests the sensitivity of the final
results to other indices (e.g., at least 6 consecutive days and 8 consecutive days [35]), and
the conclusions are not qualitatively different (see Section 3.1.1 for details). Therefore, if the
daily average temperature of a station is lower than the extreme low temperature threshold
for 7 consecutive days or more, it is considered that this single station winter persistent
extreme cold event (WPECE) occurs.

2.2.2. Brief Introduction of Research Methods

Firstly, based on the daily mean temperature data of 2479 stations in China, we
synthetically analyzed the basic distribution of WPECEs in China and the temperature
variation characteristics of the key region when WPECE occurred. Moreover, with the
method of synthetic analysis, the features of the atmospheric circulation, especially the
upper level jet during WPECEs were further investigated. Moreover, for the results of the
composite analysis, we conducted a confidence test at the 95% level. In addition, by using
the method of power spectrum period analysis, the dominant period of upper level wind
field variation in WPECEs was found. Filtering analysis was helpful to study the character-
istics of different scale motions through scale separation, so it was widely applied to the
study of atmospheric low-frequency changes [36-38]. In order to eliminate the influence of
high-frequency weather systems, we used Butterworth band-pass filtering [39,40] to retain
the periods of 10-20 days in 300 hPa wind field. Therefore, when synthetically analyzing
the quasi-biweekly variations of atmospheric circulation and its relationship with WPECEs,
we used the Butterworth band-pass filter-to-filter SLP field, 850 hPa wind field, 500 hPa
and surface air temperature field, and 300 hPa wind field for 10-20 days. At last, according
to the latitude-time sections and longitude-time sections, we revealed the propagation
characteristics of wind field, which influenced the WPECEs.

3. Results
3.1. Basic Characteristics of WPECEs in China
3.1.1. Spatial Distribution of WPECEs

The spatial distribution of winter average temperature, extreme low temperature
threshold, and the WPECEs are shown in Figure 1. The distribution of the extreme low
temperature threshold is consistent with that of the winter average temperature, and both
are characterized by the “North Cold/ South Warm” pattern (Figure 1a,b). Moreover,
the extreme low temperature threshold in the northern Xinjiang region and Heilongjiang
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province went down —30 °C. Figure 1c—e are the spatial distributions of the WPECE occur-
rence frequencies, which, respectively, represent three different indices: 7 consecutive days
(the low temperature threshold is 5th percentile), 6 consecutive days (the low temperature
threshold is 10th percentile), 8 consecutive days (the low temperature threshold is 10th
percentile). We can find that there is no qualitatively difference in the spatial distribution of
the WPECE occurrence frequency in China. Therefore, considering the regional characteris-
tics of Xinjiang (the average duration of each persistent extreme cold event is 7.15 d), we
select 7 days (the low temperature threshold is 5th percentile) as the standard (Figure 1c).
From Figure 1c, it can be seen that the frequency of WPECEs is higher in most areas of
central and south of Xinjiang and is relatively less in the southeast of Tibet Plateau, the
east of North China Plain, and the coastal areas of eastern China, which is characterized
by the “West More/East Less” pattern. It is worth noting that the WPECE in Xinjiang
region has obvious regional differences, and occurs most frequently in the central region of
Xinjiang. Next, we define the key area and key station for further analysis. According to
the frequency of WPECEs, the area with the highest frequency of WPECEs is defined as
the key area. The key area is chosen to be 37.5°—42.5° N and 80°-90° E (blue box region in
Figure 1c). Moreover, Xinhe station, in the key area, WPECEs occurred most frequently
from 1961 to 2018, which is identified as the key station. Thus, this paper focuses on the
study of WPECEs in Xinjiang, China.

3.1.2. Inter-Annual and Inter-Decadal Variations of the WPECEs

To characterize the occurrence of WPECEs on different timescales and investigate the
representativeness of the key station, we analyzed the inter-annual evolution of WPECEs
at the key station and key area (Figure 2). From Figure 2, we can find that there are
apparent inter-annual and inter-decadal differences in the occurrence of WPECEs in the
key region. It should be noted that the WPECEs occurred frequently in the middle of
1970s and became active again in the early 2000s after experiencing an inactive period
(mid-1980s to the late 1990s). Note that the situation at the key station is roughly the
same. Therefore, the frequency of WPECE:s in Xinjiang shows obvious inter-annual and
inter-decadal differences during 1961-2018. Furthermore, it should be noted that the key
station is very representative.
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Figure 1. (a) The spatial distribution of winter average temperature (unit: °C). (b) The spatial
distribution of extreme low temperature threshold (unit: °C). (c) The spatial distribution of the
WPECEs occurrence frequency in China (the key area is highlighted with blue box region) (unit:
times). (d) The spatial distribution of the WPECEs occurrence frequency in China with at least 6
consecutive days (the low temperature threshold is 10th percentile) (unit: times). (e) The spatial
distribution of the WPECEs occurrence frequency in China with at least eight consecutive days (the
low temperature threshold is 10th percentile) (unit: times). The position of Xinjiang has been marked
with red bold line on the map.
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Figure 2. Inter-annual variation of WPECEs in the key area (red solid bars) and the key station (blue
solid bars) in Xinjiang, China during 1961 to 2018 (units: times).

The daily evolution characteristics of WPECEs are further analyzed. As shown in
Figure 2, the key station has experienced 16 WPECEs in the past 58 years. In order to find
out the evolution characteristics of mean temperature when WPECE occurs, relying on the
occurrence time of WPECEs of the key station, we depict the mean temperature variation in
the key area each time WPECE occurs (Figure 3). It can be seen, during WPECEs, Xinjiang
has experienced an evolution process of cooling first, and then warming up, which has a
very obvious low-frequency oscillation.

3.1.3. Characteristics of Atmospheric Circulation Corresponding to WPECEs

Here, we synthesize the sea level pressure (SLP) field, 500 hPa geopotential height
field, 300 hPa wind field, and their corresponding abnormal fields when the key station
WPECE occurred. Figure 4a displays the distribution of the composite SLP field and the
related SLP anomalies over the East Asia for 16 WPECEs. As seen in Figure 4a, the Siberian
High (SH) strengthened and expanded over Eurasia, with the anomalous high SLP extend-
ing southeast from the Ural Mountains to the south of China. The composited 500 hPa
geopotential height field and the corresponding air temperature anomalies in the WPECEs
are depicted in Figure 4b. The composited air temperature anomalies from high latitude to
low latitude are characterized by the “War -Cold-Warm” pattern. Moreover, this pattern is
distinct from the typical feature of air temperature in the mid-troposphere in extreme cold
events, which will inevitably change the meridional gradient of temperature and affect
the baroclinicity of the atmosphere. In addition, this combination of the anomalous low
temperature and tilted trough is beneficial to deepen the trough.
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Figure 3. The evolution of regional mean temperature in the key area of 16 WPECEs (unit: °C). The
black line is the temperature absolute values, and the red line is the temperature anomaly.

80°N

10°N T T T ¥ T T
40°E 60°E 80°E 100°E 120°E 140°E 160°E

TR NN N N e e
Se eSSy NN
NN e

20°N-

10°N

40°E 60°E 80°E 100°E 120°E_140°E 160°E
60

-10 -8 -6 -4 -2 0 2 4 &6 8 10

Figure 4. When WPECE occurs in key station: (a) SLP field (contour) and the corresponding SLP
anomalies (shaded) (units: hPa); (b) 500 hPa geopotential height field (contour) (unit: gpm) and the
corresponding air temperature anomalies (shaded) (units: °C); (c) 300 hPa wind field (arrow) and
zonal wind anomalies (shaded) (units: m/s) in WPECEs. The doted regions are for values significant
at or above the 95% confidence level.

The East Asian upper jet is a narrow strong belt in the upper troposphere and lower
stratosphere of East Asia. The wind speed is generally greater than 30 m/s, accompanied
by strong horizontal and vertical wind shear and atmospheric baroclinic. Its position and
intensity have obvious seasonal variation. There are two branches of narrow and strong
jet streams are referred to the East Asian subtropical jet (EAS]) and polar front jet (PFJ).
The latitude corresponding to the strongest westerly wind speed is defined as the jet axis.
In order to examine the westerly wind speed distribution at upper level in WPECEs, the
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composited wind speed distribution, and the related anomaly at 300 hPa level are performed
in Figure 4c. The jet axis is situated over northwest Pacific Ocean to the south of Japan
(25°-35° N), where the EAS]J center is located. It is found that in the mid-high latitude
regions, a negative anomaly westerly wind appears over the north of Lake Balkhash, and a
positive anomaly to the middle-lower reaches of the Yangtze River region.

To conclude, the amplified and expanded SH, the troughs and ridges extending from
northeast to southwest at the middle troposphere, and a strong EASJ accompanied by a
weak PFJ are the main atmospheric circulation features of WPECEs in Xinjiang.

In order to detect the variation characteristics of the upper level jet when the WPECE
occurs, the differences of the upper level jet corresponding to the climatological mean
winter and the winter of WPECEs are compared.

As indicated in Figure 5a, the zonal westerly wind (u > 0) is mainly located in the
middle and high latitudes, while the zonal easterly wind (u < 0) is mainly located in the
equatorial and polar regions. We can find that there is a strong westerly belt from the
Arabian Peninsula to the subtropical northwest Pacific Ocean in the upper troposphere, by
synthetically analyzing the distribution of the East Asian upper level jet in climatological
mean winter. The strong westerly belt, with the largest wind speed over the northwest
Pacific Ocean, is well-known as the winter Asian jet. Further, synthetic analyzing of the
standard deviation of daily zonal wind field in climatological mean winter (Figure 5b)
shows that the PFJ from the west European coast to the north of Balkhash Lake and the
EAP] from the east of Japan are very active, with a wide range of activities and obvious
characteristics of intra-seasonal variation. Figure 5¢ displays the mean zonal wind anomaly
in the winters of WPECE year. The PFJ in the upper troposphere near Lake Balkhash is
abnormally weak, while the anomaly of EAS] is intense near 30 °N. To further understand
the activities of the upper level jet, we attempt to display that the zonal wind mean standard
deviation anomaly field in Figure 5d. It is worth noting that there is a strong intra-seasonal
variation of the PFJ in the northeast of Lake Balkhash, while the EAPJ variability is more
reduced. Consequently, in the following section, we will focus on the relationship between
the WPECE:s in Xinjiang and the intra-seasonal activity of PF].
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Figure 5. (a) The 300 hPa zonal mean wind field in climatological mean winter; (b) the standard
deviation of 300 hPa daily zonal wind field in climatological mean winter; (c) the deviation of 300 hPa
mean zonal wind field in WPECE winter; (d) the standard deviation anomaly of 300 hPa mean zonal
wind field in WPECE winter (units: m/s). The doted regions are for values significant at or above the
95% confidence level.
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3.2. Relationships between WPECEs and PF] Intra-Seasonal Oscillation in Xinjiang, China
3.2.1. Characteristics of Low-Frequency Oscillation of PFJ in the Years of WPECEs

As shown in Figure 5d, there is an obviously strong intra-seasonal variation of the PFJ
at 80°-90° E and 40°-60° N. To further find out the activity characteristics of the PFJ on
the sub-seasonal scale, we select 80°-90° E and 40°-60° N as the key area of jet. Through
using one-dimensional continuous power spectrum, we analyze the dominant period of
300 hPa zonal wind field in the key area of jet during the years of WPECEs (Figure 6a).
The result indicates that the intra-seasonal variation is mainly characterized by peak in
10-20 days and its power spectral density has passed the significance test of o = 0.05.
This is consistent with the conclusion of Ding [16] that the cold air propagates southward
mainly in 10-20 d low-frequency oscillation mode. In order to eliminate the influence
of high-frequency weather systems, we use Butterworth band-pass filtering to retain the
periods of 10-20 days in 300 hPa wind field. In Figure 6b, the standard deviation of filtered
300 hPa zonal wind reflects an obviously strong QBWO in the year of WPECE over Lake
Balkhash. It is further demonstrated that the WPECE in Xinjiang is closely related to the
QBWO of the PF].

0.07 80°N

(@

70°N-|
60°N—
50°N-{
40°N
30°N]

20°N-

Spectum Density

10°N
40°E 60°E 80°E 100°E 120°E 140°E 160°E

-0.01

403530 25 20 15 Pe r1li00d(d) 5 o
Figure 6. (a) The power spectrum of 300 hPa zonal wind field in the key area of PFJ during the
years of WPECEs (green line is the spectrum density, black line means 95% red noise test). (b) The
synthesis of the anomaly of the 10-20 d filtered zonal wind standard deviation of 300 hPa during
the years of WPECEs (unit: m/s). The doted regions are for values significant at or above the 95%
confidence level.

3.2.2. The QBWO of PFJ during WPECE

Hereafter, day 0 refers to the mean minimum temperature day in the key area of
Xinjiang and day -N (N) refers to N days before (after) day 0 in WPECE. Figure 7a shows
the evolution of the zonal wind 15 days before and after the WPECE in the key region of
PFJ at 300 hPa (80-90° N, 40-60° E). At day —O0, the quasi-biweekly scale zonal wind begins
to weaken. Then, it turns to easterly zonal wind at day —6, and reaches the weakest at
day —3. After day 0, the easterly zonal wind starts to weaken and turns to westerly zonal
wind at day 2. Consistent with the quasi-biweekly scale zonal wind in the region of PFJ,
the unfiltered PFJ begins to weaken at day —9 and reaches the weakest at day —4. The
evolution of mean temperature field in the key surface area before and after 15 days in
WPECE is presented in Figure 7b. On the quasi-biweekly scale, the mean temperature starts
to decrease at day —7 and drops to zero at day —3. It is noteworthy that the weakening
of the quasi-biweekly scale PFJ approximately 3 days prior to the decrease of surface air
temperature and approximately 10 days prior to the mean minimum temperature day.
These characteristics between the QBWO of PF] and WPECEs provide significant clues for
the early prediction of WPECEs in Xinjiang, China.
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Figure 7. (a) Time evolution of the zonal wind (black line) and the 10-20 d filtered zonal wind (green
line) in the upper level wind field key area 15 days before and after the WPECE. (b) Time evolution of
mean air temperature (black line) and the 10-20 d filtered air temperature (green line) in the surface
key area 15 days before and after the WPECE.

3.2.3. The Quasi-Biweekly Variations of Atmospheric Circulation

Previous studies have focused on the atmospheric circulation may show distinct
precursory signals before the occurrence of extensive and persistent extreme cold events.

To underline the connection between atmospheric circulation and persistent extreme
cold events more clearly, based on the daily mean temperature data of 2479 stations in
China, we first analyzed the deviation of surface air temperature field and 10-20 d filtered
surface air temperature field when WPECE occurred (Figure 8). From day —7 to day —5
(Figure 8a,b), the intensity and scope of abnormal low temperature in Xinjiang expanded,
and low-frequency air temperature in Northern Xinjiang dropped to below zero. At day
—3 (Figure 8c), the low-frequency air temperature dropped to below zero in the whole
Xinjiang region. Then, the negative anomaly value of surface air temperature in the
whole Xinjiang region further increased and low-frequency air temperature decreased to
a minimum at day —1 (Figure 8d). Subsequently, with the end of the WPECE, the low-
frequency air temperature gradually rose, and the degree of abnormal low temperature
in Xinjiang weakened. We noticed that when the WPECE occurred, the low-frequency
air temperature first affected the northern Xinjiang region (Figure 8). Then, the cold air
propagated southward from the northwest to the south of China, affecting most parts of
China, while the cooling situation in Xinjiang region was the most significant. Therefore, in
the following, we further analyze the impact of quasi-biweekly variations of atmospheric
circulation on WPECEs.
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Figure 8. Composition of the deviation of the unfiltered temperature field (shaded, unit: °C) and the 10-20 d filtered surface
air temperature field (contour, unit: °C) 7 days before and after day 0 in WPECE ((a-h): -7d,-5d,-3d,-1d,1d,3d,5d,7d).
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To detect the quasi-biweekly evolution of the atmospheric circulation, we filtered the
wind fields at 300 hPa and 850 hPa, the temperature field at 500 hPa, and the SLP field
for 10-20 days period, and showed the filtered composite fields of 300 hPa zonal wind,
wind vector, and temperature at 500 hPa in Figure 9. Figure 9a shows that the key area,
which is located in the northeast of Lake Balkhash, established a cold center with cyclonic
circulation. The northwest part of the abnormal cold center was dominated by northerly
wind, which was favorable to southward propagation at day —7. At day —5 (Figure 9b),
the strength of the cold center expanded and continued to move southeast. Consistent with
the cold center, the abnormal zonal easterly wind field moved southeast with the wind
speed increasing. At day —3 (Figure 9c), the cold center continued to move southeast to the
Mongolian Plateau, while its intensity and the cyclonic circulation weakened. The zonal
easterly wind field at the northwest of the cyclone moved to the north of Xinjiang, and the
wind speed increased to the maximum. Then, the zonal easterly wind continued moving
southward, with weakening wind speed, and the weakening cold center moved eastward
at day —1 (Figure 9d). Replacing the cold air mass and the cyclone, the warm center and
anticyclone circulation was located east of Lake Balkhash (Figure 9e), and subsequently,
the zonal westerly strengthened (Figure 9f). At day 7, the anticyclone circulation system
disappeared in the region of Lake Balkhash (Figure 9g).
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Figure 9. Composition of the 300 hPa 10-20 d filtered zonal wind field (shaded, unit: m/s), 300 hPa full wind speed (arrow,
unit: m/s), and the 500hPa temperature field (contour, unit: °C) 7 days before and after day 0 in WPECE ((a-h): -7 d, -5d,

-3d,-1d,14d,3d,5d,74d).

As an important circulation system in the lower troposphere in winter, the East Asian
Winter Monsoon carried high latitude cold air southward with high wind speed, which
made the temperature drop sharply. Therefore, the East Asian winter monsoon was one
of the important factors affecting the winter temperature change in China. To analyze the
characteristics of the low-frequency circulation during the WPECEs in Xinjiang, we show
the evolution of 10-20 d filtered SLP field, wind field at 850 hPa, and unfiltered SLP filed,
before and after the WPECE, in Figure 10. In Figure 10a, there is an abnormally strong
low-frequency high over the west side of Ural Mountain and near the sea of Okhotsk at
day —7. At day —5, Figure 10b depicts that the low-frequency high near the Ural Mountain
was strengthened, and its influence expanded and extended eastward to the Mongolian
Plateau. Moreover, the anticyclone circulation strengthened. At day —3 (Figure 10c), with
accumulation of the strong cold air, the low-frequency high further increased. The north
wind component in front of the anticyclone also strengthened, which was beneficial to the
cold air rapidly southward. Under the guidance of northerly airflow, cold air burst south-
ward, rapidly affecting Xinjiang, Qinghai, and most areas of southern China (Figure 10d).
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Then, the cold air moved southward, and the north part of Lake Balkhash was controlled
by a low pressure center and cyclonic circulation (Figure 10e). With the intensification,
the southward expansion and the extinction of low pressure system (Figure 10f-h), the
WPECE process ended.
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Figure 10. Composition of the 1020 d filtered SLP field (shaded, unit: hPa), 850 hPa wind field (arrow, unit: m/s), and the
unfiltered SLP field (contour, unit: hPa) 7 days before and after day 0 in WPECE ((a-h): -7d,-5d,-3d,-1d,1d,3d,5d,7d).

3.2.4. The Propagation of PF] QBWO

The time-latitude sections (80°—90° E mean) of the filtered 500 hPa geopotential
height and the 850 hPa meridional wind near the surface in the PFJ key region are shown
in Figure 11a,b. The 500 hPa geopotential height experienced a quasi-biweekly phase
transition, which was from the negative phase to the positive phase from day —9 to
day —3. The 10-30 d filtered geopotential height anomaly propagated from high latitudes
to mid-latitudes and reached its strongest near the polar front area. Before the extreme low
temperature, a strong quasi-biweekly scale northerly anomaly appeared in the polar front
area and its south (Figure 11b). Figure 10c,d are the time-longitude section (40°-60° N
mean) and time-latitude section (80°-90° E mean) of the filtered 300 hPa zonal wind. From
day —9 to day —3, the quasi-biweekly zonal easterly wind propagated eastward from 40° E
to 85° E approximately (Figure 11c), and propagated southward from 80° N to 50° N, with
the intensification of the wind (Figure 10d). Therefore, the intensification of the pressure
at 500 hPa, the strong meridional wind at 850 hPa, and the eastward and southward
propagation of quasi-biweekly PFJ, were the precursors of the WPECEs in Xinjiang, China.
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Figure 11. (a) The time-latitude section (80°-90° E) of the filtered 500 hPa geopotential height; (b)
the time-latitude section (80°-90° E) of the filtered 850 hPa meridional wind; (c) the time-longitude
section (40°-60° N) of the filtered 300 hPa zonal wind; (d) the time-latitude section (80°-90° E) of the
filtered 300 hPa zonal wind 15 days before and after the WPECE.

4. Discussion

In this paper, we investigate the associations between the QBWO of the PFJ and the
WPECEs in Xinjiang during 1961-2018, based on the daily mean temperature data and
reanalysis data. In the research on the above issues, many related research papers used
different data and analysis methods. However, the results show encouraging consistency
in many aspects. The following is a brief description of them.

In Figure 4b, the troughs and ridges extend from northeast to southwest at the middle
troposphere over the East Asia at the middle troposphere, which corresponds well to
one of the key circulation features of WPECEs, as Bueh et al. [41], Wang et al. [42], and
Fu et al. [43] have demonstrated.

In Figure 4c, the “Strong EAS]/Weak PFJ” pattern contributes to cold conditions when
WPECE occurs, which is supported by Zhang and Chen [29].

In Figure 10, we investigate the characteristics of the low-frequency circulation, and
find that the north wind component in front of the anticyclone is beneficial to the cold
air southward. This result is consistent with Yu and Gao [44], who demonstrated that the
anomalous northerly wind ushering the high latitude cold air southward is the key reason
to the outbreak of persistent cold events.

Through the analysis of this article, we find that there are obvious interdecadal
differences in the WPECEs in Xinjiang. The WPECEs occurred frequently in the middle
of 1970s and became active again in the early 2000s after experiencing an inactive period
(mid-1980s to the late 1990s). Therefore, the influence of the interdecadal background
variations of atmospheric circulation on the WPECEs will be investigated in future work.

5. Conclusions

Based on the daily mean temperature data of 2479 stations in China and NCEP/NCAR
reanalysis data, we analyzed the dominant circulation characteristics of WPECEs (equal or
greater than 7 days) in Xinjiang region on a quasi-biweekly scale, and revealed the basic
characteristics of the WPECEs in winter in Xinjiang, and their associations with the QBWO
of the PFJ. The results show that there are very significant inter-annual and inter-decadal
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differences in WPECE frequency in Xinjiang region, which are closely related to the QBWO
of the PFJ]. When the WPECE occurs, the SH and the EAS]J are strengthened, the intensity
of the PFJ is weak, while the QBWO of the PFJ jet is strong. The anomalous quasi-biweekly
zonal wind accompanied by quasi-weekly geopotential height anomaly propagates south-
ward from the polar region to the key area of jet. Before the WPECE, the PFJ changed
from the westerly anomaly to the easterly anomaly. Moreover, the intensity of the PFJ
weakened, obviously, the meridional circulation developed, and the surface north wind
strengthened, resulting in persistent cooling of the surface. With the continuous decrease
of the temperature in the Xinjiang region, the anomalous easterly wind transforms into the
anomalous westerly wind in the upper level, corresponding to the PFJ strengthening again,
and the WPECE process ends. Furthermore, it is noteworthy that the PFJ begins to weaken
at day —10 and reaches the weakest at day —3. Therefore, the QBWO of the PFJ can be
regarded as the precursory signal of the occurrence of the WPECE in Xinjiang region.
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