
Citation: Liu, Y.; Zhang, Y. Statistical

Characteristics of Blocking High in

the Ural Mountains during Winters

and Relationship with Changes in

Sea Surface Temperature and Sea Ice.

Atmosphere 2023, 14, 129. https://

doi.org/10.3390/atmos14010129

Academic Editors: Dehai Luo,

Yina Diao and Yao Yao

Received: 16 December 2022

Revised: 3 January 2023

Accepted: 3 January 2023

Published: 6 January 2023

Copyright: © 2023 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

atmosphere

Article

Statistical Characteristics of Blocking High in the Ural
Mountains during Winters and Relationship with Changes in
Sea Surface Temperature and Sea Ice
Yingying Liu 1 and Yuanzhi Zhang 1,2,*

1 School of Marine Sciences, Nanjing University of Information Science and Technology, Nanjing 210044, China
2 Department of Geography and Resource Management, Chinese University of Hong Kong,

Hong Kong 999777, China
* Correspondence: yuanzhizhang@cuhk.edu.hk; Tel.: +86-188-8885-3470

Abstract: A blocking high in the Ural Mountains, which is recognized as the third major blocking
high area in the northern hemisphere, describes a deep warm high-pressure system superimposed on
the westerly belt. Based on the ERA-5 daily reanalysis data (the fifth-generation European Centre
for Medium-Range Weather Forecasts atmospheric reanalysis global climate dataset) and using the
Tibaldi and Molteni (TM) method, we selected 43 blocking high events in the Ural Mountains during
the extended winters of 1979–2020 and analyzed their atmospheric circulation characteristics and
influencing factors. Our findings revealed a downward trend in the frequency of occurrence of
blocking highs in the Ural Mountains in winter, most of them were short-lived; furthermore, the
frequency and duration of these occurrences generally followed a 3–4 years oscillating cycle. The
synthetic results of the geopotential height (HGT) anomaly field and the surface air temperature
(SAT) anomaly field of these 43 extended wintertime blocking high events in the Ural Mountains
region showed that during the development of a blocking high, the central intensity of the positive
anomalies in the Ural Mountains region first increased and then weakened, while the central intensity
and meridional span of the negative anomalies in the Eurasian mid-latitudes of the SAT anomaly
field increased continuously. In addition, abnormally high sea surface temperature (SST) in the North
Atlantic sea area and abnormal reduction of sea ice (SI) in the Barents-Kara Sea and the Chukchi Sea
in autumn had a significant impact on the wintertime formation of Ural Mountains blocking highs.
In contrast, in autumn, the abnormal reduction of SI in the Barents-Kara and Chukchi Seas might also
have led to the westward positioning of Ural Mountains blocking highs.

Keywords: Ural Mountains; blocking high; SST; SI

1. Introduction

A blocking high is formed when a long-wave ridge system develops and evolves
in the westerly belt. As the high-pressure ridge extends northward, cold air severs the
connection between the south side of the ridge and the warm air in the south, and a closed
circulation appears on the north side of the ridge, thus forming the center of a warm
high-pressure system. In Asia, blocking highs are well known in the Lake Baikal region, the
Ural Mountains region, and the Sea of Okhotsk region. While blocking highs in Asia are
generally common in autumn and winter, in the Sea of Okhotsk, in particular, they mainly
occur during the summer [1]. However, in the context of global warming, the frequency of
blocking highs is decreasing [2].

The Ural Mountains, located in Russia, have a northeast-southwest tilt. This mountain
range has long been considered the dividing line between Europe and Asia. This region
belongs to the continental climate category, which is characterized by obvious temperature
polarization. In addition, it has long been of interest to meteorologists because of its special
geographical location [3]. In meteorological studies, the Ural Mountains area typically
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refers to the area of 50◦ E–80◦ E. Closed warm high-pressure systems, known as Ural
Mountains blocking highs (also referred to as Siberian blocking highs), often occur in
this region in winter. The appearance of this phenomenon is usually accompanied by
an intensification of the cold advection in the downstream area, which directly results in
an abnormally low-temperature phenomenon in East Asia, especially China [4–6]. For
example, in January 2008, many provinces (including Jiangsu, Hunan, and Fujian) in
southern China experienced severe low-temperature rain, snow, and freezing disasters,
with extremely serious impacts on the life and production of people living in the region,
which were attributed to the continuous abnormal activities of a Ural Mountains blocking
high [4], and another strong Ural Mountains blocking high was connected to a strong
cold front that similarly hit China in January 2016 [6]. This process caused East China
to experience extremely low temperatures of about −10 ◦C; at the same time, the lowest
temperature in South China, which reached 0 ◦C, greatly affected industrial and agricultural
production and residents’ lives [5].

Many factors influence blocking highs, including stratospheric explosive warming [7],
the sea surface temperature (SST) anomaly [8], the East Asian monsoon anomaly [9], and
the sea ice (SI) anomaly [10], all these factors which have a significant impact on the
formation, development, maintenance, and decline of a blocking high. In recent years,
many meteorological researchers have studied the factors affecting the Ural Mountains
blocking highs in winter [11–14]. For example, Cheung et al. [11] pointed out that if both
AO (Arctic Oscillation) and ENSO (El Niño–Southern Oscillation) reached the positive
(negative) phase, the Ural-Siberia blocking high tended to be less (more); Ma et al. [13]
showed that the SIC perturbations in the Greenland Sea (GS), Barents Sea (BS) and Okhotsk
Sea (OKS) had significances for the strong and persistent prediction of UB formation.
Furthermore, Lu et al. [14] found that the long-lived blocking high frequency of the Ural
Mountains tended to weaken during the winter of 1979–2018, and the poleward transport of
constant momentum flux in the northwest-southeast region of the Ural Mountains blocking
high key areas on the 500–300 hPa was a key factor to maintain the blocking high for a
long time.

Under the background of global warming, the anomaly of SST and SI play an increas-
ingly important role in the change of atmospheric circulation (especially the persistent
anomalies of blocking high) [15–18]. Correspondingly, SI ablation and its climate effects
on mid-latitude weather and climate have drawn increasing interest in the field of climate
change research [19,20]. Additionally, the frequency of cold wave events in the past 50 years
has shown an overall downward trend, but a fluctuating upward trend since the 1990s, and
cold wave events mainly occurred in November, December, and March [21]. What is more,
some studies have pointed out that the frequent occurrence of cold waves in East Asia was
related to the changes in the characteristics and evolution mechanism of blocking high in
the middle and upper latitudes against the context of global warming [22]. On that basis,
we try to explore the changing characteristics of the blocking high in the Ural Mountains in
extended winter (November–March) from a long time scale, and identify the key regions
of SST and SI that affected the blocking high. The study findings thus provide a scientific
reference for better understanding the formation mechanism of a blocking high in the Ural
Mountains, along with medium and long-term weather forecasting and even short-term
climate prediction.

2. Materials and Methods
2.1. Materials

This paper uses the fifth-generation ECMWF (European Centre for Medium-Range
Weather Forecasts) atmospheric reanalysis global climate dataset (ERA-5) (https://cds.
climate.copernicus.eu/#!/home) (accessed on 3 April 2022). The ERA-5 data provide
hourly estimates of atmospheric, terrestrial, and oceanic climate variables, with Earth data
accurate to a 30 km grid, including 137 layers of atmospheric data. The dataset is on a
standard global longitude/latitude grid with 0.25◦ latitude and longitude intervals. A
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total of 42 extended winters from 1979 to 2021 were counted in this paper (the extended
winter calculation standard, in which November–December 1979 and January–March 1980
were collectively referred to as the winter of 1979). The meteorological variables on the
multiple levels used in this study are geopotential height (HGT), wind speed (U, V), and
air temperature (T). Furthermore, surface turbulent heat flux (STHF, the sum of surface
sensible and latent heat flux), and surface air temperature (SAT) of 2 m are also used in
the study.

In addition, the SST and SI data used in this paper are Hadley Centre Sea Ice (SI) and
SST data set (HadISST) provided by the Hadley Centre of the National Met Office in the
United Kingdom, Exeter (https://hadleyserver.metoffice.gov.uk/hadisst/data/download.
html) (accessed on 5 May 2022), which replaces the global sea ice and sea surface tempera-
ture data set (GISST), and is a unique combination of the global monthly complete SST and
SI concentration on a 1-degree latitude and longitude grid from 1870 to the present. The
data set consists of three parts: (1) field observation data of ships and buoys; (2) satellite
data; and (3) ICOADS (International Comprehensive Ocean-Atmosphere Data Set) data [23].
The dataset is mainly downscaled through an interpolation process, and then the quality-
improved grid observations are superimposed on the original data to supplement local
details, thus achieving global coverage of the data [24]. The seasonal average calculation
standards for SST and SI data are spring (March–May), summer (June–August), autumn
(September–November), and winter (December–February).

2.2. Methods
2.2.1. Tibaldi and Molteni (TM) Method

The method used in this paper to calculate the blocking high is the TM method, which
is mostly used by meteorologists [9,18,25,26]. The main advantages of the TM method are:
simple and easy to operate; better identification of strong and stable obstruction; intuitive
and clear. Lejnäs and Økland [27] defined the blocking high index as the difference between
500 hPa geopotential height between 40◦ N and 60◦ N. Subsequently, in order to ensure
that there is an average westerly airflow with a wind speed of not less than 8 m/s in the
direction of the blocking highs to polar, Tibaldi and Molteni [28] improved and perfected
this method, which is now the widely used TM method. The specific steps of the TM
method are as follows:

The HGT gradient was divided into the south 500 hPa HGT gradient and the north
500 hPa HGT gradient, which were, respectively, represented by GHGS (Southern Gradients
of Geopotential Height) and GHGN (Northern Gradients of Geopotential Height). Then,
calculate each longitude, respectively,

GHGS =
Z(∅0)− Z(∅S)

∅0 −∅S
(1)

GHGN =
Z(∅N)− Z(∅0)

∅N −∅0
(2)

In the above Formulas (1) and (2), Z represents the 500 hPa HGT, ∅N = 80◦ N + δ,
∅0 = 60◦ N + δ,∅S = 40◦ N + δ, δ = −4◦, 0◦, 4◦.

For any δ value of a certain longitude at a certain time, if the following two conditions
can be satisfied:

(1) GHGS > 0
(2) GHGN < −10 m/latitude distances

Then, it can be judged that there is a blocking high at the longitude, and at this time,
the judgment is an instantaneous blocking high, and GHGS is the blocking high index at
this longitude [27].

In addition, when more than two δ values can satisfy the above two conditions,
the one with the largest GHGS value is taken as the resistance height index, which can
be used to judge the strength of the blocking high. For the blocking high in a certain
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area, it can be defined as if there are at least 15 consecutive longitudes that satisfy the
conditions (1) and (2), it is judged that there is a blocking high in this area. When the
duration of blocking high in this region reaches or exceeds 4 days, it is said that a “blocking
high event” occurs in this region. The minimum duration can be adjusted according to
the situation of blocking highs in this region. In this paper, the minimum duration of a
blocking high event is defined as 5 days.

2.2.2. Morlet Wavelet Analysis Method

Wavelet analysis is an analysis method of signal time and frequency localization, which
can expand a one-dimensional signal in both time and frequency directions, so as to clearly
understand the frequency characteristics of time series in different time domains [29]. After
years of development and application, wavelet transform has become a relatively mature
mathematical analysis tool in the fields of atmospheric science, hydrology, and computer
science [30,31]. The wavelet in the complex form has more advantages than the wavelet in
the real form in application. The most commonly used wavelet function in the complex
form is the Morlet wavelet. The real and imaginary parts of the Morlet wavelet can be
treated as two wavelet functions, respectively. The real part is used to identify the structure
of the signal at different spatiotemporal scales and the location of its abrupt points, while
the imaginary part is an antisymmetric wavelet function.

The Morlet wavelet function has the following form:

Ψ(t) = Ce−t2/2/cos(5t) (3)

In the formula: Ψ(t) represents the mother wavelet, C is a constant, and t is time.
This paper uses the wavelet toolkit that comes with MATLAB software (MathWorks,

Natick, Massachusetts, the United States) to carry out wavelet transform [32]. Before the
analysis, in order to eliminate or reduce the boundary effect near the start point and end
point of the sequence, the data were extended at both ends of the data to be consistent with
the length of the original sequence. When the wavelet transform is completed, the wavelet
transform coefficients extended at both ends are removed, and only the wavelet analysis
coefficients corresponding to the original sequence are retained.

2.2.3. Synthetic Analysis

When studying climate change, we usually focus on the characteristics of certain
specific time periods. The general approach is to combine samples with the same character-
istics and analyze the similarities and differences. Common usage: (1) In the interannual
change analysis, to synthesize high-value year data and low-value year data; (2) in the
analysis of decadal change, synthesize data of different decadal periods; (3) synthesize
some kind of the same event.

Synthetic analysis generally uses t test to construct statistic t:

t =
x− µ0

S
√

n (4)

where x and µ0 are, respectively, sample mean and the population mean, S represents
mean square error, and the sample size is n. Assuming that µ0 does not change, then the
statistic t follows the t-distribution of n − 1 degrees of freedom. If |t| ≥ t∝, then reject the
null hypothesis, or accept the null hypothesis.

In this paper, ∝ is 0.05, which is a confident interval of 95%.

3. Results
3.1. Statistical Characteristics of Blocking Highs in Ural Mountains in Extended Winter
3.1.1. Change Characteristics of Frequency

This article takes the Ural Mountains region for (40◦~80◦ E, 40◦~70◦ N). According
to the TM method, ERA5 data from 1 November 1979 to 31 March 2021 were objectively
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collected, and the blocking high events in the Ural Mountains were selected. As can
be seen from Figure 1a, During the 42 extended winters from 1978 to 2021, a total of
43 blocking high events occurred in the Ural Mountains. There were no blocking high
events in 14 years, and one blocking event was the most common in the year of occurrence.
The average number of blockages per year for 42 years was 1.02. The most occurring years
were 1979, 1984, and 1993, all of which were three times. In addition, From Figure 1b, we
can see that there were 6 blocking high events in November, 7 in December, and 10 in
January–March. Moreover, the linear trend coefficient of the blocking high frequency in
the Ural Mountains in the extended winter of 42 years was −0.0174, showing a downward
trend, but this result did not pass the significance level test of α = 0.05. This is consistent
with Shi and Zhi‘s statistical characteristics of blocking high activity in Eurasia from 1950
to 2004, which suggested that the blocking high activity in Eurasia began to decline slightly
in the 1980s [33].
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Figure 1. (a) the interannual variation of the frequency of blocking high (unit: time), and (b) the
number of blocking high occurring every month (unit: time) in the Ural Mountains.

3.1.2. Changing Characteristics of Days

Through the analysis of the duration of 43 blocking high events, it is found that in
the 42 extended winters from 1979 to 2021, there were 312 days of blocking high events in
the Ural Mountains. The annual average blocking period for these 42 years was 7.43 days.
As can be seen from Figure 2a, the cumulative days of the blocking high in 1984 was the
longest, 30 days. In addition, a univariate linear regression analysis was performed on
the cumulative duration of the blocking high in the Ural Mountains in extended winter.
The results showed that the linear trend coefficient was −0.1324, showing a downward
trend, but the result did not pass the significance level test of α = 0.05. The average number
of days of blocking high fluctuates between 5 and 15 days, and the longest blocking high
event occurred in 2004, reaching 15 days. According to previous studies [14,34], the lifespan
of blocking high can be divided into: short lifespan, medium lifespan, and long lifespan.
Among them, the short-lived period is 5–8 days, the medium-lived period is 9–12 days,
and the long-lived period is more than 13 days. It can be seen from Figure 2b that in the
42 extended winters from 1979 to 2021, only three long-lived blocking highs occurred in the
Ural Mountains in extended winter, in 1984, 2004, and 2011, respectively. The medium-lived
period blocking high events also occurred only 7 times. The short-lived blocking high
events occurred 33 times, most of which were 5 days (11 times), and most of them occurred
after the 1990s.
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Figure 2. (a) The cumulative days of blocking high varied annually (unit: day), and (b) the number
of times of blocking high in different lifetime (unit: times) in the Ural Mountains region.

3.1.3. Wavelet Analysis of Multiple Time Scales

The continuous wavelet transform reflects the time-scale transformation characteristics
of the signal itself. Under the condition of a certain scale, the change process of the wavelet
coefficient with time reflects the periodic change of the element and its distribution in
the time domain, and the wavelet variance can reflect the fluctuations of various scales
(periods) contained in the time series and the characteristics of their strengths (energy
levels) changing with the scales.

Figures 3 and 4 show the wavelet analysis results of the occurrence frequency and
cumulative days of blocking high in 42 extended winters from 1979 to 2021. It can be
clearly seen from Figures 3a and 4a that there are multi-scale features in the evolution
process of the blocking high. In general, the evolution of the occurrence frequency and
cumulative days of blocking high in extended winter mainly shows three oscillation periods,
which are 3–4 years of periodic oscillation (corresponding to the wavelet transform scale
of 2–5 years), 9–11 years of periodic oscillation (corresponding to the wavelet transform
scale of 6–12 years) and the 18-year of periodic oscillation (corresponding to the wavelet
transform scale of 10–27 years).
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It can be seen from Figures 3b and 4b that the maximum peak corresponds to the
4-year time scale, indicating that the periodic oscillation of this scale is the most prominent.
Combining Figures 3c,d and 4c,d, it can be analyzed that the energy on the 4-year time scale
is the strongest and the cycle is the most significant, but its periodic changes are localized
(1980s), and the energy on the 7–9-years time scale is weak, but the periodic distribution is
more pronounced (1980s to early 2000s).

3.2. Circulation Characteristics of Blocking Highs in Ural Mountains in Extended Winter

Zhou [35] proposed in the statistical study of the blocking situation in the mid-latitude
region of Asia that the blocking situation in the west of 100 degrees east longitude can be
roughly divided into two types: the first type is that a mobile high-pressure ridge moves
eastward and develops into a strong blocking situation, and the result of its development is
often the formation of a strong high-pressure ridge that moves to the original location of
the westerly jet (40◦~60◦ N), making the south branch of the westerly jet tend to be straight;
the second type is caused by the different moving speeds of the high-pressure ridge and
the low-pressure trough. The final result of its development is the formation of closed high-
pressure centers and low-pressure centers in the north and south, and causes a significant
westerly branch. Most of the blocking high in the Ural Mountains belongs to the second
category, which is characterized by long duration and less movement. Zhou [26] found
that the Ural Mountains blocking high events would lead to low-temperature anomalies
in Northeast, North, and Central China, and the strongest low-temperature anomalies
occurred in northern Xinjiang.

Synthesis Analysis

Begin days are defined as the first days of each event in the 43 blocking high events,
−2 days are the second days before the starting days, +2 days are the second days after the
start days, +4 days are the fourth days after the starting days, and +6 days are the sixth
days after the starting days.

In order to better analyze the circulation situation of the blocking high in the Ural
Mountains region in extended winter, this paper conducts a synthetic analysis of 43 blocking
events in the Ural Mountains region in extended winter from 1979 to 2021, and obtains the
HGT anomaly field and the SAT anomaly field of−2 days, begin days, +2 days, +4 days and
+6 days (Figures 5 and 6). From the figure, we can see that the HGT anomaly field in the
northern hemisphere in extended winter presents a relatively obvious “positive-negative-
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positive” staggered distribution, with three obvious positive and negative anomaly centers
each. The centers of positive anomalies of HGT are located at 0◦~60◦ W, 30◦~90◦ E,
180◦~120◦ W, and the centers of negative anomalies are located at 60◦~120◦ W and 0◦~30◦ E,
60◦~120◦ E, respectively. The HGT anomaly map of −2 days shows that there is a positive
HGT anomaly in the Ural Mountains area, the center of the positive anomaly is around
60◦ E, and its meridional span is large. At this time, the central intensity of the positive
and negative HGT anomalies in the entire northern hemisphere is similar, and the range
is also very close. In the SAT anomaly map, at −2 days, there is a positive SAT anomaly
with weaker intensity and a smaller meridional span near the Barents Sea, while the region
between Lake Balkhash and Lake Baikal has a negative SAT anomaly with a central strength
slightly larger than the center of the positive anomaly.

By synthesizing the HGT anomalies and SAT anomalies of the beginning days of
43 blocking high events between 1979 and 2020, we can find that the central intensity of
the HGT positive anomalies in the Ural Mountains area reaches a very high level, and
its meridional span range is very large, reaching about 50 latitudes. The negative HGT
anomaly over Western Europe weakened significantly. In terms of SAT, the central intensity
and range of positive and negative anomalies are still increasing, and the longitude span
is about 20 latitudes. From the HGT anomaly map on the third day of the blocking high
process, we can see that the central intensity of the positive HGT anomaly in the Ural
Mountains area remains high, showing an increasing trend, and the negative HGT anomaly
over Western Europe is still weakened. From the SAT anomaly chart on the third day
of the blocking high process, the positive anomaly near the Barents Sea is in a state of
continuous growth. A relatively stable northwest-southeast dipole structure is formed.
In the +4 days HGT anomaly map, the central intensity of the positive HGT anomaly
in the Ural Mountains region has weakened compared with the previous one, and has
a clear feature of moving westward. The negative HGT anomaly originally located in
the Baikal region gradually moved eastward. In the +4 days SAT anomaly map, the
northwest-southeast dipole structure also gradually expands westward. In the +6 days
map, the central strength of the HGT positive anomalies in the Ural Mountains region has
been significantly weakened, and the meridional span remains at around 40 latitudes. In
addition, there is a small increase in the positive and negative center intensities on the
remaining longitudes. On the SAT map, the central intensity and extent of the negative
anomalies in the Eurasian mid-latitudes weakened slightly. It is worth noting that from the
beginning of the blocking high, the southern side of the negative SAT anomaly gradually
invaded the eastern part of China. In general, the spatial distribution of the HGT anomaly
field is similar to the Eurasian Teleconnection Pattern (EU), a major circulation system
in winter over the Eurasian region. The positive anomaly center is located in the Ural
Mountains region, while the upper European region and the lower East Asian region of
the Ural Mountains have significantly lower HGT. Combined with the SAT anomaly field,
it is indicated that the changes in atmospheric circulation over the Ural Mountains may
cause the European trough and the East Asian trough stronger by stimulating the EU-type
teleconnection wave train, and thus have a significant influence on the weather over the
Eurasian region [36].
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Figure 6. Synthetic analysis of the SAT anomaly field before and after the occurrence of the Ural
Mountains blocking highs in the extended winter of 1979–2020 (the red line indicates a positive
anomaly value, and the blue line indicates a negative anomaly value, grey shaded area through the
test of significance of 95%).
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3.3. The Effects of SST and SI on Blocking Highs in the Extended Wintertime Ural Mountains

Here, we take the average geopotential height anomaly of 500 hPa in the region
(40◦~70◦ N, 40◦~80◦ E) from November to March as the Urals blocking high index (UBHI)
in extended winter. First, the distribution of the correlation coefficient between the UBHI
in extended winter and the SST (−10◦~70◦ N, 0◦~180◦ W) throughout the annual mean
and four seasons mean was calculated (Figure 7). It can be seen from Figure 7 that whether
it is the previous summer, the same winter, and the whole year, the UBHI in extended
winter all showed a positive correlation with the SST in the North Atlantic sea area, and
two positive correlations with sea areas (30◦~60◦ N, 50◦~75◦ W and 10◦~30◦ N, 20◦~90◦ W)
passed the 95% significance test. This indicates that the positive SST anomaly in the North
Atlantic sea area plays a very important role in the formation of the Ural blocking high in
extended winter. In addition, we also noticed that in the Eastern Equatorial Pacific, the
SST in the early spring, summer, autumn, and the whole year showed a weak positive
correlation with the UBHI in extended winter, but in the same winter, it showed a weak
negative correlation.
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Therefore, in order to better analyze the impact of SST anomalies in key sea areas on
the Ural Mountains blocking high, we calculated the SST anomaly indices NAI and EEPI
in the North Atlantic sea area (one of significant positive correlation region, 30◦~60◦ N,
50◦~75◦ W) and the Eastern Equatorial Pacific sea area (the Niño 3.4 region, 5◦ N–5◦ S,
120◦ W–170◦ W) in winter. If the absolute value of the standardized index exceeds 0.5,
it can be considered that the SST in this year is abnormally high/low. For the Eastern
Equatorial Pacific, we selected a total of 14 high SST years and 12 low SST years. For the
North Atlantic sea area, we selected a total of 10 high SST years and 11 low SST years.
Figure 8 shows the synthetic results of the 500 hPa HGT field and 850 hPa wind field in
high SST years and low SST years.
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Figure 8. Synthetic analysis of the 500 hPa HGT anomaly field (contour lines, unit: gpm) and 850 hPa
wind anomaly field (arrows, unit: m/s) (high (a)/low (b) SST years in the Eastern Equatorial Pacific
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Figure 8a,d shows obvious zonal “− +− +” teleconnection wave trains, while Figure 8b,c
show obvious zonal “+ − + −” teleconnection wave trains, with obvious abnormally high
values located in the Ural Mountains region. Combined with the 850 hPa wind field, it can
be seen that when the SST anomaly in the Eastern Equatorial Pacific was low in winter,
there is a wide range of anticyclonic circulation anomalies in the wind field in the Ural
Mountains, which will lead to the increase in atmospheric pressure in the region, showing
a positive HGT anomaly, with the maximum anomaly value of 20 gpm, but it does not pass
the significance test. Furthermore, when the SST is abnormally high in the North Atlantic
sea area, there is a strong anticyclonic circulation anomaly in the Ural Mountains wind field,
and the HGT is a positive anomaly, with the maximum anomaly reaching 30 gpm, which
has passed the 95% significance test. In addition, we can see that the line connecting the
centers of the anomalous circulation with alternating anticyclonic and cyclonic in Figure 8c
is similar to the Eurasian wave train revealed by Wallace and Gutzler [37]. Therefore, the
anomalously high SST in the North Atlantic sea area affects the atmospheric circulation
over Eurasia by stimulating the Eurasian wave train [38], which makes the abnormal de-
velopment and strengthening of the high-pressure ridge in the Ural Mountains, making it
easier to form a blocking high.

In addition, in order to explore the impact of Arctic SI changes on the atmospheric
circulation in the Ural Mountains, we also calculated the correlation coefficient between
the UBHI in extended winter and the Arctic SI concentration throughout the annual mean
and four seasons mean, as shown in Figure 9. We can find two significant correlation
regions, the Barents-Kara Sea region and the Chukchi Sea region, both exhibiting negative
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correlations. Therefore, we calculated the Barents-Kara Sea (65◦ N–80◦ N, 30◦ E–100◦ E)
and the Chukchi Sea (65◦ N–75◦ N,155◦ W–180◦ W) SI concentration anomaly index BKSI
(Barents-Kara Sea Index) and CSI (Chukchi Sea Index), with plus or minus 0.5 standard
deviations as the standard. For the Barents-Kara Sea, we selected a total of 10 high SI years
and 11 low SI years. For the Chukchi sea, we selected a total of 11 high SI years and 11 low
SI years. Figure 10 shows the synthetic results of the 500 hPa HGT field and 850 hPa wind
field and in the high SI years and low SI years.
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Figure 10b,d shows relatively consistent anomalous circulation patterns, both of which
are positive anomalous large values in the Ural Mountains. At the same time, we can
see that when the SI in the Barents-Kara Sea is abnormally low, there is a large range of
anticyclonic cyclone field anomaly in 850 hPa over the Ural Mountains, and the 500 hPa
HGT is a significant positive anomaly, which is conducive to the formation of blocking
high. In addition, when the SI in the Chukchi Sea is abnormally low, the 850 hPa wind field
in the Ural Mountains is also an anticyclonic anomaly, with a significant positive HGT but
a relatively small intensity. It is noteworthy that when the SI in the Barents-Kara Sea and
Chukchi Sea is abnormally less, the positive HGT anomaly position in the Ural Mountains
is obviously westward.
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Figure 10. Synthetic analysis of the 500 hPa HGT anomaly field (contour lines, unit: gpm) and
850 hPa wind anomaly field (arrows, unit: m/s) (high (a)/low (b) SI years in the Barents-Kara Sea
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Figure 11 shows the synthetic results of the STHF anomaly field in the low SI years. It
can be clearly seen that both the Barents-Kara Sea and the Chukchi Sea have significantly
upward STHF, that is, the atmosphere is heated. By calculating the longitude-altitude
profile of the synthetic HGT and T in the Ural Mountains (Figure 12a,b), it is found that
when the SI in the Barents-Kara Sea and the Chukchi Sea are abnormally low, there is a
deep positive anomaly at 20◦ E–80◦ E, and the T of the entire atmosphere is relatively low.
From the perspective of the latitude-altitude profile (Figure 12c,d), HGT and T have similar
characteristics, which are bounded by 50◦ N and 60◦ N, respectively. Among them, the
positive HGT anomaly mainly appears in the north of 50◦ N, and the positive T anomaly
mainly appears in the north of 60◦ N, especially in the middle and upper troposphere and
stratosphere. It can be seen that the reduction of SI in the two key regions in autumn may
lead to warming over the Arctic regions, which in turn will lead to a weakening of the
temperature gradient between the Arctic regions and the mid-latitude regions, resulting in a
significant weakening of the westerly wind at the upper middle and high latitudes, thereby
promoting the development and maintenance of the blocking high in the Ural Mountains.
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Figure 12. Longitude-altitude profile (a,b) and latitude-altitude profile (c,d) of the synthetic
HGT(shadings, unit: gpm) and T(contour lines, unit: ◦C) anomaly field (low (a,c) SI years in the
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4. Discussion

This study found that the frequency and duration of these occurrences in Ural Moun-
tains blocking highs in the extended winters of 1979–2020 showed a downward trend,
which is somewhat different from other previous results [39–41]. This difference may be
due to the spatial resolution of the data and the definition of blocking high events. We de-
fined the minimum duration of blocking high events as 5 days, which statistically excluded
some blocking high events with a duration of 3–4 days (mainly occurring after the 21st
century). In addition, many external forcing factors affect the formation of each blocking
high in a particular region, including stratospheric explosive warming, SST anomalies,
East Asian monsoon anomalies, and SI anomalies. This paper mainly focused on the
key aspects of how SST and SI anomalies might affect a Ural Mountains blocking high
in extended winter. Scientists agree that the El Niño–Southern Oscillation (ENSO) cycle
that occurs in the Equatorial Eastern Pacific Ocean is a strong signal of air–sea interaction
and is considered to be a critical factor underlying climate anomalies. This investigation
revealed that an abnormally low SST in the Equatorial Eastern Pacific in winter, which
corresponds to a La Niña event, was favorable for the formation of a blocking high in
the Ural Mountains. One explanation may be the increased cyclone activity in the mid-
latitudes of the northern hemisphere during La Niña year, in which the development of the
dynamic and thermal forcing process is conducive to enhancing the forcing mechanism of
the downstream ridge, leading to the transport of anticyclonic vorticity, thus favoring the
formation of blocking highs [16]. At the same time, the higher SST in the North Atlantic
sea area, which is adjacent to the Pacific Ocean, also has a significant impact on the for-
mation of a blocking high in the Ural Mountains in extended winter. This phenomenon
may be due to the typical “warm ocean/cold continent” temperature anomaly caused by
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high SST anomalies, along with resonance with topographic forcing that is beneficial to
the occurrence and maintenance of blocking highs. Meanwhile, changes in atmospheric
baroclinicity under different SST anomalies offer another reason for affecting the formation
of a blocking high [42,43]. Han et al. found that the transient-eddy anomalies induced by
the North Atlantic SST anomaly were a fundamental mechanism for the positive HGT
anomaly over the Ural Mountains [38]. However, the interaction of the air–sea system is
highly complex, and its possible influence pathways require further study.

In addition, the interannual variability of Arctic SI in autumn is very significant, and
its anomalous changes have a crucial impact on the atmospheric circulation in extended
winter. This investigation demonstrated that when the SI in the Barents-Kara Sea and the
Chukchi Sea was abnormally low, the Ural Mountains blocking highs showed a significant
westward shift, which might have been due to the amplification and upward propagation
of the planetary wave in the upper troposphere. This troposphere caused the weakening
of the stratospheric polar vortex and its transmission down to the troposphere offset the
low-pressure anomaly formed by the tropospheric path in the high latitudes of the North
Atlantic, resulting in a weakening of the North Atlantic westerly wind and guiding the
Ural Mountains blocking highs to westward [44]. However, other studies have asserted
that a quasi-steady Ural Mountains blocking high can change the surface fluxes of sensible
and latent heat by increasing downward long-wave radiation, thereby triggering persistent
severe SI melting [45,46]. Therefore, further research is needed on the cause-effect relation-
ship and influencing mechanism between SI and the Ural Mountains blocking highs in
extended winter.

5. Conclusions

Using the ERA-5 reanalysis data and the TM method, we selected blocking high
events from 42 extended winter seasons between 1979 and 2020. From our analysis of the
circulation characteristics and influencing factors of these blocking high events, we drew
the following conclusions:

(1) During the 42 extended winters from 1979 to 2020, a total of 43 blocking high events
occurred in the Ural Mountains. The annual average number of blocking high events
was 1.02, and the frequency of occurrence followed a downward trend. In addition,
these blocking high events covered 312 days in total, with an annual average blocking
period of 7.43 days. Interestingly, most of the short-lived blocking high events oc-
curred after the 1990s. In addition, the frequency of occurrence and accumulated days
of blocking highs in extended winter generally followed a 3–4 years oscillating cycle.

(2) As a while, the 500 hPa anomaly field constituted a “positive-negative-positive” cross-
distribution situation. As a blocking high developed, the intensity of the positive
anomaly center in the Ural Mountains initially increased and then weakened, while
the negative anomaly center on the east side showed the opposite pattern. On the
SAT anomaly field, the central strength of the positive anomalies near the Barents Sea
first increased and then decreased during the blocking process; however, the central
strength and meridional span of the negative anomalies in the Eurasian mid-latitudes
continued to increase until the edge reached the eastern part of China.

(3) The abnormally high SST in the North Atlantic sea area and the abnormal reduction
of SI in the Barents-Kara Sea and the Chukchi Sea in autumn had a significant impact
on the formation of Ural Mountain blocking highs in extended winter. By comparison,
the abnormally low SST in the Eastern Equatorial Pacific Ocean in winter also demon-
strated a certain effect on Ural Mountains blocking highs, though the effect was not
significant. In addition, the reduction of SI in the Barents-Kara Sea and the Chukchi
Sea in autumn might also have led to a westward positioning of Ural Mountains
blocking highs.
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