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Abstract: The Ural blocking (UB) high is a weather system closely related to the cold air process
during winter, which could trigger extreme cold events in East Asia. By retrieving five single blocking
indexes, including accumulation frequency, central latitude, blocking intensity, mean duration and
north rim, it is found that the UB in winter occurs more frequently, grows stronger, lasts longer
and is located more northward after 2002, compared with 1985-2001. In order to describe the UB
comprehensively, a new comprehensive blocking index (CBI) is developed based on the above five
blocking indexes. The CBI can also reflect the interdecadal change of UB synthetically. Analysis on the
corresponding atmospheric circulation shows that the relationship between the UB and atmospheric
circulation, such as the polar vortex and jet, is closer in 2002-2018 than in 1985-2001. Compared
with the atmospheric circulation in 1985-2001, the most prominent feature in 2002-2018 is that the
intensity of the polar vortex is weaker at 100 hPa, and that the subtropical jet moves northward.
Meanwhile, the East Asian trough downstream of the Urals deepens at 500 hPa and the Siberian high
strengthens, indicating that the East Asia winter monsoon is stronger during 2002-2018. Further
analysis on atmospheric waves and baroclinicity demonstrates that the meridional circulation of
planetary waves strengthens, especially the 2-waves, which may increase the frequency of the UB
and shift its location northward after 2002. Additionally, the baroclinicity (—9T/dy) in the mid-high
latitudes is weakened during winter since 2002, which is also beneficial for the establishment of
meridional circulation, causing a stronger intensity and longer duration of the UB.

Keywords: Ural blocking high; blocking index; interdecadal change; planetary waves; baroclinicity

1. Introduction

The blocking high is one of the weather situations of atmospheric meridional anomaly
development in mid-high latitudes which can lead to mass and heat of air mass exchange,
resulting in abnormal weather and climate, and even disastrous weather [1,2]. In winter,
the abnormal activity of the Ural blocking (UB) high always brings extremely cold events
sweeping East Asia [3,4]. When the Rossby wave train in the upper troposphere, accom-
panied by upstream blocking, is coupled with the surface cold anomaly in Siberia, it will
lead to the significant strengthening of the Siberian high (SH) and the East Asian winter
monsoon (EAWM) and the emergence of a cold wave event [5]. For example, in January
2021, under the influence of the huge development and merger of the UB, China suffered
from serious cold wave weather [6], with many meteorological stations recording the lowest
temperature in the same period from 6 January to 8 January, when the temperature was
at its minimum during the cold event. Especially under the background of global climate
change, the relationship between UB and the EAWM is closer [7]. There are to be more
important impacts of the UB on the weather and climate in East Asia from both weather and
seasonal scales by the end of the 21st century [8,9]. Therefore, it is of great scientific value
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and practical significance to deeply study the UB in winter in order to further improve the
weather and climate forecast in East Asia.

The change characteristics of the UB are of great concern to many researchers. Similar
to the trend in blocking frequency in Eurasia declining since the 1980s [10], Wang et al. [7]
calculate the UB indexes by the method which measures the resemblance of a particular
circulation pattern with the UB regime, and also find that the indexes show a downward
trend from 1957-2000. However, the decreasing trend in UB frequency changed after 2000;
Yao et al. [11] find the frequency of UB increases after the 2000s. Luo et al. [12,13] further
indicate that there is an obvious interdecadal change on the lifetime of the UB in winter: the
duration of UB events is longer during 2000-2013 than during 1979-1999. The results from
Chen et al. [14] also show that the quasi-stationary UB events increase significantly during
1999-2015. However, previous studies are too focused on the frequency and duration of
UB, and these studies confirm the interdecadal change of the UB usually from aspects
of frequency or duration. In fact, characteristics of the UB should include its frequency,
intensity, duration and latitudinal location. These features are very important to describe
the blocking high. Moreover, it is necessary to develop a comprehensive index which can
reflect all features of the UB. Therefore, it is worth considering whether frequency, intensity,
duration and latitudinal location of the UB all change interdecadally, and if so, whether a
new comprehensive index can illustrate the interdecadal variation of the UB.

The UB, as the product of atmospheric circulation anomaly, is closely related to other
circulation systems, such as the polar vortex, jet and so on. When the splitting polar vortex
is situated in the Atlantic and East Asian regions, two blocking highs occurring in the Urals
and North American areas precede these splitting processes [15]. As the zonal wind in the
mid-high latitudes weakens after the 1990s, the north-south meanderings of the westerly
jet stream will become more prominent, so that southward intrusions of polar cold air into
the mid-latitudes and northward intrusions of warmer air into higher latitudes may be
enhanced [16]. That such a meandering jet stream corresponds essentially to a blocking
flow is demonstrated by Luo [17]. Yao et al. [18] point out that during weak mean westerly
wind or vertical shear winters, as frequently observed during 2000-2015, persistent and
large UB is found. Li et al. [19] studied the concurrent impacts between the jet and the UB
during the two extremely cold weather events in 2008 and 2016 and have demonstrated
that the East Asian subtropical jet (EAS]) is stronger and the polar front jet (PFJ) is weaker
when the UB exists during the cold events. However, affected by global climate change,
has the relationship between each system and the UB also changed?

Scholars have also paid much attention to the mechanism of the UB. Arctic warming
with sea ice reduction over the Barents and Kara Seas after the 20th century could am-
plify atmospheric planetary waves such as the blocking flows and retard their eastward
propagation [20-23]. The results from Luo et al. [24] show that under the background of
Arctic warming, the meridional temperature gradient and westerly wind decrease over
the mid-high latitudes of Eurasia, resulting in the decrease in the meridional potential
vorticity (PV) gradient, following which, the baroclinicity is changed. Under such circu-
lation background, the UB will show quasi-stationary (non-moving) characteristics, and
its duration will also become longer. Based on the interdecadal change of the UB, it is
necessary to explore whether there are corresponding variations of relations between the
UB and other circulation systems, as well as quasi-stationary waves, such as planetary-scale
waves and baroclinicity.

Based on the review and analysis of the previous related studies, this study is focused
on the following scientific issues: (1) How do we develop a comprehensive index to reflect
overall features of the UB including frequency, latitudinal location, intensity and duration?
(2) Are there interdecadal changes in all characteristics of the UB? (3) If there are, what are
the possible atmospheric causes for such interdecadal change? Addressing such issues can
promote a deeper understanding of the mechanism of the UB event in winter.

The paper is organized as follows. Descriptions of the data and methods are given
in Section 2. The interdecadal change characteristics of the UB are investigated in Sec-
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tion 3. The interdecadal changes of the atmospheric circulations associated with the UB are
explored in Section 4. The dynamical diagnosis of atmospheric internal causes from the
planetary wave amplitude and atmospheric baroclinicity are shown in Section 5. Finally,
the conclusion and discussion are presented in Section 6.

2. Data and Methods
2.1. Data

The daily geopotential heights (GPHs) and other monthly reanalysis data, including
temperature (T), zonal winds (U) and sea level pressure (SLP) data from 1979 to 2019,
were provided by the National Centre for Environmental Prediction-Department of Energy
(NCEP-DOE) [25]. The horizontal resolution was 2.5° x 2.5° in both latitude and longi-
tude (https://psl.noaa.gov/data/gridded/data.ncep.reanalysis2.html.accessed on 1 March
2020). The NCEP-DOE data have been widely used in similar studies [26,27], which was
helpful for providing reference information under the same standard as the reanalysis data.

2.2. Methods

Under the basics of one-dimensional blocking index by Tibaldi and Molteni [28],
Scherrer et al. [29] constructed a two-dimensional blocking index by processing the daily
500 hPa geopotential height fields. Blocking events can be described more objectively by
the two-dimensional index.

For each grid point, the geopotential height gradient of south (GHGS) and north
(GHGN) at 500 hPa were calculated as follows:

_ Zs00(Ao, o) — Zsoo (Ao, ¢s)

GHGS(Ao, o) = e— (1)
GHGN (Ao, go) = 23010 4’;3 :ijoo()to, 90) o

where 0° < Ag < 360°, 30° N < ¢g < 75° N, b = ¢y — 15°, b, = ¢y + 15°. When the
GHGS > 0 and GHGN < —10 gpm/latitude on one grid, it is considered that an instanta-
neous blocking occurs on the lattice. When the instantaneous blocking extends more than
15 degrees of longitude, the blocking in this region can be judged as a large-scale blocking.
A blocking high is defined if the grids covered by large scale blocking reach 10° longitude
x 5° latitude and the blocking situation remains for 5 days or more.

The latitudinal position of blocking high is closely related to the ability of guiding cold
air. So, the central latitude (CL) and north rim (NR) of the UB are defined here. The latitude
of the maximum value of GHGS during the process of the blocking event is defined as
the central latitude of the blocking high, which represents the main position of the UB. In
addition, the northernmost latitude of GNGS value greater than 0 is defined as the north
rim. The farther north the CL or NR is, the stronger the ability of the blocking high to guide
cold air.

In addition, the blocking intensity index (BII) was calculated by referring to the method
adopted by Wiedenmann et al. [30]. The calculation formula is as follows:

RC(Ao, @0) = ((Zu + MZ)/2+ (Z4+ MZ)/2)/2 3)

BII(Ag, ¢o) = (MZ/RC) — 1.0 (4)

For each point of longitude and latitude where an instantaneous blocking is detected
as Ag and g, we first define MZ as the value of Zsgg (A9, ¢p), and the Z,, and Z4 as the
minimum of Zsg field within 60° upstream and downstream at the same latitude (¢g)
of the chosen point, respectively. The larger (smaller) the BII, the stronger (weaker) the
instantaneous blocking. The intensity of the blocking (IB) in winter was defined as the
average of the maximum BII during the UB lifetime.
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As the exact duration of the blocking high could not be obtained by the above method
directly, the blocking high retrieval method adapted by Shi and Zhi [7] was used to define
the duration of the UB. A blocking high is defined when:

(1) Thereis a high and warm pressure center at 500 hPa which is located north of 50° N,
indicating that warm air from the south is isolated in northern and high latitudes.

(2) There is an apparent anticyclonic circulation around the high-pressure center in the
wind fields, corresponding to the closed high-pressure center in the GPH field.

(3) The high-pressure center moves no more than 12.5 degrees longitude every day.

(4) The above situation exists continuously for at least 5 days.

The criterion for UB events was based on the atmospheric circulation at 500 hPa. By
limiting slow-moving speed and the shortest duration, it was ensured that the UB is a
stable and quasi-stationary weather system. The duration (DU) of the closed high-pressure
contour is the number of days that the blocking high exists. Here, The UB refers to the
blocking event occurring in the key Ural areas (40-80° E) during winter (December and the
following January and February). When the weather situation at 500 hPa meets the above
four conditions, it is recorded as a blocking high. The accumulated frequency (Fq) is the
total frequency in winter every year.

The CL, IB, DU and NR were all used to describe a single blocking event and were
associated with each other. The correlation coefficients between each two of them were
higher than 0.7 (Table 1), and all passed the significance Student’s test (t-test) of 99%.
In other words, the stronger the intensity of the blocking high, the more northerly its
latitudinal location, as well as the longer its duration on average. Thus, we define a new
blocking index (BI) by using the 4 quantities for a single blocking event. The formula is
as follows,

BI = [(CB) + (IB) + (DU) + (NR)] /4 (5)

where CB, IB, DU and NR represent the normalized central latitude, intensity, duration and
north rim of a blocking event, respectively. As these four indexes are used to describe a
single blocking high process and display equal importance, the differences between extreme
values of each blocking index are, therefore, similar. Therefore, the Bl was developed
without considering different weights of different indexes.

Table 1. The correlation coefficient between indexes of the UB in winter during 1979-2018.

Central Blocking . .
Latitude Intensity Mean Duration North Rim
Central Latitude 1 0.94 0.744 0.997
Blocking 1 0.737 0.935
Intensity
Mean Duration 1 0.751
North Rim 1

All pass the significance t-test of 99%.

The BI is convenient to analyze the change of a single UB process. As the cumulative
frequency of the UB in one winter is an essential quantity to measure the interannual change,
the comprehensive blocking index (CBI) was synthesized from cumulative frequency and
BI, the formula of which is as followed,

CBI = [Fq+ BI|/2 (6)

The Fq is on behalf of the normalized cumulative frequency of the UB in one winter.
So far, the CBI is structured based on 5 single indexes which exhibited characteristics
including frequency, intensity, duration, center latitude and north rim, which can be used
to investigate the interannual change of blocking highs comprehensively.
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By the Fourier expansion method, the planetary waves (wave numbers are 1, 2 and 3)
were selected [31]. The specific formula is below,

=ay + Zn [an cos (nx) + by sin (nx)] (7)
The geopotential height [H(A, ¢)] is expanded by the Fourier method, as follows,
H(A, @) =ap(@) + Zn ) cos (nA) 4+ by (@) sin (nA)) 8)

= = 2T‘H(A @)dA
an(p:l “TH H(A, @) cos (nA)dA

1

27t
ba()= - [* H(\ @) sin (mA)dA ©)

ag ,an , bn are called the Fourier coefficients, and the n wave can be expressed as
functions like this : a, cosnA + by sinnA.

Some mathematical statistical methods were also used in this study. For example, the
smoothing average used the two parameters smoothing method [32,33]. The moving t-test
and (t-test [32,33] were used to determine whether there was interdecadal change of the
UB characteristics and whether the anomalies of atmospheric circulation were significant
between the different periods.

3. The Interdecadal Changes of the UB in Winter

According to the above method of defining the blocking high, there were 52 UB
events retrieved from 40 winters from 1979 to 2019. Figure 1 shows the interannual
change characteristics of each normalized blocking high index in winter from 1979 to 2019.
Figure 1a—e presents the five single blocking indexes (normalized: Fq, CL, IB, DU, NR)
of the UB, which all show an obvious interdecadal abrupt change in roughly 2002. From
1985 to the early 21st century, the UB displays an obvious weak phase, and then the trend
turns to rise. The change of Fq and DU are the most significant among them. This is
consistent with previous studies which focused more on the frequency and duration of
blocking highs since 2000 [11-14]. Further, besides the Fq, this study can indicate that
the latitudinal location of the UB (center and north rim location) is more northward after
the beginning of the 21st century. The interannual change above can be reproduced in
Figure 1f,g, which shows the value of the newly constructed Bl and CBI. Combining with
the previous blocking index to retrieve blockings or to describe a single feature of the
blocking high, the CBI not only considers the frequency and duration, but also includes
the latitudinal location, such as the central latitude, north rim and intensity. In a simple
mathematical expression, the CBI describes the blocking high from all respects, and it is
more comprehensive and systematic.

Accompanying the interdecadal variation of the UB in winter after the beginning of
the 21st century, the extreme cold winter events in East Asia have indeed occurred more
frequently [34-36]. This has been demonstrated by studies from numerous researchers; for
example, the number of extreme cold days in southeastern China begins to increase in the
early 21st century, concluded by Chen et al. [14]. Qiao et al. [37] confirm that cold winters
have been frequent in northern Europe since 2004. The cold events sweeping China in
recent years not only show an increase in frequency and intensity, but also reveal a wider
range of influence and a rise in the number of continuous days, leading to a large-scale
persistent extreme low temperature event [38]. These phenomena are not only closely
related to the variation of the frequency or intensity, but also closed to changes of the
latitudinal position of the UB, such as stronger cold air usually accompanying a more
northward UB [39].
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Figure 1. Interannual change characteristics of the UB in winter from 1979 to 2019. (Normalized: Fq
(a), CL (b), IB (c), DU (d), NR (e) and blocking index (f), comprehensive blocking index (g). The solid
black line represents the result of a 9-point smoothing average, and the black dotted line represents
the trend.)

To confirm interdecadal characteristics of the UB in winter, the moving f-test is shown
in Figure 2. It can be seen from Figure 2 that abrupt time of Fq, CL, DU and NR of the UB is
around the winter of 2002, passing the significance test of 95%. Thereinto, the interdecadal
change of DU is the most significant. Additionally, the interdecadal characteristics of
intensity for the UB is not obvious. In other words, the UB occurs more frequently, lasts
longer and is located more to the north in winter after 2002. The BI and CBI, as two newly
constructed indexes, also turn the trend in winter 2002. Once again, the CBI is shown to be
able to synthesize all aspects of blocking information.

The interdecadal change of the five single blocking indexes and the CBI may be related
to Arctic warming. Previous studies have shown that the change of blocking highs in the
Eurasian region in winter is closely related to Arctic Sea ice reduction [11,14,16]. A positive
feedback mechanism between blocking highs and Arctic warming is also shown, i.e., Arctic
warming is conducive for the stable maintenance of blocking, while the maintenance of the
blocking high promotes further polar warming [40].
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Figure 2. The moving t-test for each blocking index of the UB in winter over the period of 1979-2019.
(Normalized: Fq (a), CL (b), BI (c), DU (d), NR (e), blocking index (f), comprehensive blocking index
(g). The black lines represent the significance test of 95%).

However, for a more direct reason for such an interdecadal change of the UB, we
should analyze the atmospheric circulation and its internal factors. Synthesizing the
analysis of Figures 1 and 2, we define the 17 winters from 1985 to 2001 as Period 1 (P1),
and the winters from 2002 to 2018 as Period 2 (P2) to explore the cause of atmospheric
circulation related to interdecadal change of the UB in these two periods, respectively.

4. The Interdecadal Change of Atmospheric Circulation Related to the UB

The above analysis shows that there is a significant interdecadal change in the char-
acteristics of the UB in winter around 2002. Then, are there also interdecadal changes in
atmospheric circulation systems related to the UB? In this section, the interdecadal changes
of atmospheric circulation are analyzed in the Northern Hemisphere (NH), aiming to
understand the differences in circulation in winter before and after 2002.

Figure 3 shows the GPH at 100 hPa Figure 3(al,a2), the zonal winds at 200 hPa
Figure 3(b1,b2), the GPH at 500 hPa Figure 3(cl,c2) and SLP Figure 3(d1,d2) during
the two periods and their differences between the two periods, respectively (P2-P1,
Figure 3(a3,b3,c3,d3)). The area above the North Pole is controlled by the low GPH, which
is called the polar vortex at 100 hPa. There are small differences on the area surrounded by
line 1628 dagpm, which is the characteristic contour of the polar vortex at 100 hPa during
the two periods. However, the GPHs around high latitudes during the P2 are higher than
that in P1, which is shown in Figure 3(a3), demonstrating that the intensity of the polar
vortex at 100 hPa is weaker in P2. The weak polar vortex is favorable to provide a condition
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for the warm and wet airflow from the south to move northward, leading to the northern
position and higher frequency of the UB. In addition, it is found that there are lower GPHs
in the upper and downstream of the Urals (Figure 3(a3)), which may be caused by the cold
air from the polar region pouring southward. The polar vortex is split towards Eurasia,
which can easily lead to low temperature or cold weather in Eurasia [41].

0 0 10 20 30 40 50 60 70 10 0 10 20 30 40 50 B0 7O 3 2 1 0 1 2 3 4 5

7=
i

it f
-

\

1000 1008 1016 1024 1032 1000 1008 1016 1024 1032

Figure 3. The distribution of geopotential heights at 100 hPa ((al,a2), units: dagpm), zonal winds
at 200 hPa ((b1,b2), units: m-s~1), geopotential heights at 500 hPa ((c1,¢2), units: dagpm), sea level
pressure ((d1,d2), units: hPa) during the P1 and P2 periods and their differences between the two
periods (P2-P1, (a3,b3,c3,d3)). (The bold solid black lines in Figure (al,a2) represent the 1628 dapgm
geopotential heights. The bold solid black lines in Figure (b1,b2) represent the 30 m-s~!. The bold
solid black lines in Figure (c1,c2) represent the 588 dapgm geopotential heights. The bold solid black
lines in Figure (d1,d2) represent the 1023 hPa. The dotted areas represent the differences which pass
the significance test of 90%. The outermost latitude is 0°).
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A jet stream belt surrounding 30° N, called the subtropical jet stream, is separated
around the Pacific (150° W), Atlantic (30° W) and the Urals (60° E), where the blocking
highs are always located. There are small differences in the location of the subtropical jet
at 200 hPa from Figure 3(b1,b2). However, the wind speeds are weaker in the above three
locations in P2, indicating that the atmospheric circulation in the three key areas above
become more sensitive during P2. Meanwhile, the westerly jet in mid-high latitude regions,
especially north of the Urals, also weakens, which reduces the ability to hold cold air at
the poles. In a word, the westerly jet in mid-high latitudes weakening is beneficial for
the establishment of meridional circulation, which is in favor of the establishment and
maintenance of the UB. It is shown that the subtropical jet over the Mediterranean and
China are stronger in P2, indicating that the subtropical jet is stronger. As the atmospheric
waveguide, the intensity changes of the jet stream can well instruct the weather evolution
on the ground [42]. In winter, the EAS]J plays a guiding role in cold air activities and guides
frequent cold air activities [43].

From Figure 3(c3), it can be seen that the positive anomalies of GPH in high latitude
regions are distributed around the North Pole, and they extend southward along the Pacific,
Atlantic and especially the Urals at 500 hPa, where the jet streams rupture and blocking
highs are always located. It also indicates that the change of the UB in middle latitudes is
particularly closed to the polar changes. The area with the significant positive anomalies of
GPH is biased toward the Urals, and the higher GPH over the Urals is more conducive for
the occurrence and development of the UB. Meanwhile, there are negative anomalies of
GPH downstream of the Urals that deepen the East Asian trough (EAT) in Figure 3(c3).

In Figure 3(d3), there are positive anomalies of SLP, especially over Siberia, which
shows that the SH strengthens and the East Asian winter monsoon (EAWM) is stronger
during P2. It will bring more cold air to most parts of Asia, causing extremely cold weather
in most parts of Asia [3], which is consistent with the actual weather phenomenon.

In conclusion, accompanying the interdecadal change of the UB, the weather systems
in the troposphere, such as the polar vortex, subtropical jet, westerly winds in the mid-high
latitudes and SH, have obviously changed. The polar vortex is weaker, and it may deform
and even split toward the Urals after 2002. At the same time, the westerly winds in the
mid-high latitudes at 200 hPa are weak, the subtropical jet over China is strong and the
SH strengthens. It is verified that the Urals will be a more sensitive area after 2002 during
winter. Deformation of the polar vortex can be superimposed with the blocking high in the
same phase to form an anticyclone opening, resulting in a penetrating outbreak of cold air
at high to low latitudes [44], which is in favor of the extreme cold events forming.

The study above has demonstrated that there are prominent interdecadal changes of
the general circulation corresponding to the interdecadal change of the UB over these two
periods. In addition, the CBI reflects the characteristics of the UB comprehensively. Thus,
to confirm the closed relationship between UB and atmospheric circulation anomalies on
the interdecadal scale, the linear regression coefficients of GPH at 100 and 500 hPa, U at
200 hPa and SLP against the CBI in winter are shown in Figure 4.

It is shown that there is a significantly negative correlation between the CBI and GPH
north of North America at 100 hPa during 1985-2001 in winter in Figure 4(al), which
indicates that when the CBl is large, the polar vortex may be split toward North America,
coupled with UB in winter during 1985-2001. However, the tight negative correlation is
replaced by a positive one after 2002, shown in Figure 4(a2). Meanwhile, as the CBI is rather
large, there are significant positive anomalies of GPH at high latitudes, indicating that the
polar vortex is weaker. Additionally, the negative anomalies are located above the Sea of
Japan at 100 hPa, illustrating that the polar vortex may split toward East Asia after 2002.
It is consistent with research conclusions by Zhang et al. [41] that the polar vortex shifts
towards the Eurasian continent and away from North America in winter after the 1980s.
Compared with Figure 4(b1), it is shown in Figure 4(b2) that there is a more obviously
negative correlation between the CBI and zonal winds over the Eurasian area at 200 hPa
during 2002-2018 in winter, indicating that when the CBl is strong, the westerly winds here
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weaken. There is a stronger positive correlation between the CBI and the subtropical jet
over China, which indicates that when the CBI is large, the subtropical jet over China is
strong and guides the frequent activities of cold air during P2. When the CBI is large, the
GPHs are high over the Urals at 500 hPa and low around the upstream and downstream of
the Urals during the two periods, as shown in Figure 4(c1,c2). The negative anomalies are
more significant over East Asia during P2, which demonstrates that the East Asian trough
downstream of the Urals is stronger in winter after 2002. From Figure 4(d1,d2), there is a
positive correlation between the CBI and the SLP around Siberia and the area is expanded,
showing that when the CBl is large, the SH is strong in winter during 2002-2018.
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Figure 4. The linear regression of geopotential heights at 100 hPa ((a1,a2), unit: gpm, contour interval:
10 gpm), zonal winds on 200 hPa ((b1,b2), unit: m-s~!, contour interval: 1 m-s~1), geopotential
heights at 500 hPa ((c1,c2), unit: gpm, contour interval: 5 gpm) and sea level pressure ((d1,d2), unit:
Pa, contour interval: 40 Pa) in winter against the comprehensive blocking indexes during P1 and
P2. (The red lines represent that the regression coefficient is positive, and the blue is negative. The
shaded area indicates that the regression coefficients have passed the significance test of 90%).

In summary, it is shown that the characteristics of the UB and the relationship between
the UB and atmospheric circulation do have interdecadal changes. After 2002, the UB occurs
more frequently, strengthens, lasts longer and is located farther north. The relationship
between the UB and polar vortex, subtropical jets, westerly winds in mid-high latitudes,
EAT and SH in winter is more closed during 2002-2018 than it is in 1985-2001.

Since there are such obvious interdecadal changes in the atmospheric circulation in the
NH, it must be affected by internal factors of the atmosphere, such as atmospheric waves,
energy transformation and so on. The anomalies of large-scale circulation systems, such as
the polar vortex and blocking high, are the external manifestation of the anomalies of large-
scale waves. In addition, the fundamental energy for the evolution of weather systems
in mid-high latitudes comes from the baroclinic energy. Moreover, previous studies have
shown that there are also the significant changes of planetary scale waves and atmospheric
baroclinicity under the background of global warming [45,46]. The results from Lu et al. [45]
show that there is a transition of the spectral proportion of 1~3 waves in the 30-60° N
latitude band at 500 hPa from less to more in the early 21st century. Additionally, Luo
et al. [46] obtained the result that the atmospheric baroclinicity in winter reduces after the
1990s. Therefore, the internal causes of atmospheric circulation interdecadal changes in the
NH will be explored in terms of planetary-scale waves and atmospheric baroclinicity in
this study.
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5. The Atmospheric Internal Causes of Interdecadal Changes

The distribution of atmospheric circulation anomalies at 100 and 500 hPa is similar,
as shown in Figure 3 or Figure 4. Additionally, the blocking indexes in this study all are
constructed by the GPH at 500 hPa, so we only study the atmospheric planetary scale waves
at 500 hPa to represent the whole situation in the mid-upper troposphere. The distribution
of 1, 2 and 3 waves and differences between two periods (P2-P1) at 500 hPa, respectively,
are shown in Figure 5.

-150  -100 -50 50 100 150 <150 -100  -50 50 100 150

-240 -160 80 0 80 160 240 240 -160 80 O 80 160 240

Figure 5. The distribution of 1 wave (al,a2), 2 wave (b1,b2), 3 wave (c1,c2), 1-3 wave (d1,d2) and
differences (P2-P1, (a3,b3,c3,d3)) on 500 hPa in two periods. (Units: gpm, and the dotted areas
represent that the differences pass the significance test of 95%. The outermost latitude is 15° N.)
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Compared with that in P1, the amplitude of wave 1, 2 and 3 increases north of 60° N,
especially over the Urals during P2, as shown in Figure 5, indicating that meridional
activity is stronger in P2. Meanwhile, one peak of planetary 2 wave is located over the
Urals, demonstrating that the increase in amplitude of 2 wave has an important effect on
the increase in frequency and northward location of the UB during P2.

Under the joint action of 1, 2 and 3 waves, the key area in the Urals is controlled by
wave peaks, and the amplitude increases in P2. Additionally, the distribution pattern in
Figure 5(d3) is similar to that in Figure 4(c2), which demonstrates that the anomalies of
general circulation related to the UB are dominated by the combined effect of 1-3 waves
mainly. This is consistent with the research conclusions from Lejends and D66s [47], which
show that the amplitude of planetary scale waves is stronger than that in the climate when
a blocking high occurs. Planetary scale waves provide a good atmospheric background for
the activity of UB in winter.

The atmosphere baroclinicity is the most fundamental reason for the change of atmo-
spheric circulation in a mid-high latitude area [46]. The integral of meridional temperature
gradient (—0T /dy) on different levels of troposphere is shown in Figure 6. The integral level
is determined by the vertical distribution of tropospheric temperature. Compared with that
in P1, the | liz " —dT/9ydp is large at 30-45° N, especially over Eurasia, which accelerates
and moves the subtropical jet north, corresponding to Figures 3b and 4b. Additionally, the
area north of 45° N is controlled by negative [, lfz ' —0T/dydp anomalies, especially around
the 60° E Urals regions, shown in Figure 6(a3,b3), which indicates that the baroclinicity is
reduced and the zonal winds weaken during P2. This is consistent with the conclusions
reached by Francis and Vavrus [20,21]. They believe that after the 1990s, under the influence
of the Arctic amplification effect, the temperature difference between the polar region and
the mid-high latitudes decreases, the baroclinicity weakens, the zonal wind weakens and
the movement of large-scale Rossby wave slows down from west to east.

-0 0 10 20 30 40 50 80 -0 0 10 20 30 40 50 &0 8 6 4 2 2 4 6 8 10

0
BT 1T - ETECT T -
o 5 10 15 20 25 0 5 5 20 25

10 25 2 156 1 0505 1 15 2

Figure 6. The distribution of || 12 ' —aT /dydp between surface-500 hPa (al,a2) and 500-100 hPa (b1,b2)
during the P1 and P2 periods and their differences between the two periods (P2-P1, (a3,b3)). (Units:
hPa-K-m~1-107%. The dotted areas represent that the differences pass the significance test of 95%.
The outermost latitude is 15° N.)
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There are two ways the baroclinicity influences the UB. On one hand, the meridional
circulation is strengthened due to the weak zonal wind in mid-latitudes, which is in favor of
the occurrence of a blocking high and northward movement. Therefore, UB is more frequent
and located farther north in P2. On the other hand, when the atmospheric baroclinicity
weakens, there is weak dispersion and strong nonlinearity of blockings, which makes the
duration of the blocking increase and the strength grow stronger.

6. Summary and Discussion

In this paper, five single blocking indexes, concluding the cumulative frequency (Fq),
central latitude (CL), intensity (IB), duration (DU) and north rim (NR) index are defined, and
they all show an obvious interdecadal change from negative to positive in winter around
2002 and during 1979-2018. In other words, the UB occurs more frequently, strengthens,
lasts longer and is located more towards the north in winter after 2002. The newly con-
structed comprehensive blocking index which describes the blocking high broadly can
reflect the interdecadal changes well. The researchers demonstrate that the anticyclone of
the polar high merged with mid-latitude blocking highs will make the polar cold air form a
penetrating outbreak from high latitude to low latitude [44], which results in extreme low
temperature events affecting most areas of China in recent years.

The general atmospheric circulation related to the UB between the two periods (1985-
2001 as Period 1 (P1); 20022018 as Period 2 (P2)) is compared, and we find the polar vortex
is weaker during P2, and the weak polar vortex is deformed along the Pacific, Atlantic and
the Urals. The three key regions are also where the subtropical jet breaks at 200 hPa. Addi-
tionally, the westerly winds at mid-high latitudes weaken during P2, which is beneficial
for the establishment of meridional circulation, such as the UB. The GPH of 500 hPa at
mid-high latitudes increases during P2, and growing GPH also invades southward along
the above three key regions; the most significant tends to be the Urals, which highlights the
sensitivity of the Urals. Additionally, the SH is stronger in P2 than during P1. Thus, the
EAWM strengthens, leading the extreme cold events to occur more frequently.

The general circulation of the NH in P2 is shown as the polar vortex weakens, the
subtropical jet over China strengthens and shifts northward, the westerly winds at mid-high
latitudes weaken at 200 hPa and the EAT and SH strengthen. The relationship between the
UB and the aforementioned atmospheric symptoms is more closed in P2 than that in P1.

The anomaly of atmospheric circulation in the NH related to the UB can be explained
by the abnormal amplitude of wave 1-3; in particular, the increase in amplitude of wave 2
is beneficial for the development of meridional circulation in the Urals. In P2, the integral
of meridional temperature gradient in the troposphere, especially in the upper-middle
layer, is weaker at mid-high latitudes, then the weak baroclinicity may lead to a weak
thermal wind; thus, the zonal wind weakens, which is conducive for the occurrence of
meridional circulation similar to the blocking highs. Meanwhile, when the baroclinicity is
weak, the weak dispersion and strong nonlinearity of the blockings makes the duration of
the blocking increase and the strength strong.

The interaction between the upper and lower layers of the troposphere is mainly
completed by the up and down propagation of large-scale waves. The study shows that the
blocking high can affect the upper atmospheric circulation by adjusting the vertical wave
flux [15]. The abnormal wave caused by blocking affects the upward planetary wave flux
through the superposition of the same or opposite phase with the climate state [48]. The
abnormal zonal winds associated with polar vortex can affect the blocking frequency by
adjusting the jet driven by the troposphere vortex [49]. The blocking situation will force
the upward anomaly of planetary waves and affect the polar vortex in the upper layer.
At the same time, the upward planetary waves will also be reflected back to the middle
troposphere, and then affect the blocking situation [50].

This paper only analyzes the interdecadal change characteristics of the UB and atmo-
spheric circulation related to the UB in winter between different decades, and the theoretical
thermodynamic mechanism under the interdecadal change is absent. The external forcing



Atmosphere 2022, 13, 1530 14 of 15

factors such as Arctic sea-ice and sea surface temperature anomalies are primary reasons of
UB change which should be investigated. In addition, the feedback among atmospheric
circulations in different time scales will be researched in our further study.
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