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Severe wind events which occur in the metropolis of Beijing in China bring
major catastrophes. Characteristics of severe winter and spring wind
events over Beijing during the past 40 years have been analyzed. An
artificial intelligence-based method is adopted to categorize the
favorable large-scale circulation patterns and dominant weather
systems. Four categories are concluded and compared to each other in
terms of distributions of geopotential height at 500 hPa, temperature at
500 hPa, sea level pressure and their corresponding anomalies in
1979-2019. It is found that the first category (T1) which is dominated by
strong cold trough at upper levels with strong cold-core high locating at
surface is the most conducive circulation pattern, while the fourth category
(T4) which is controlled by weak trough and strong ridge with strong low
cyclone at surface is the least one. The second and third categories,
represented by T2 and T3, are under the control of strong cold trough
and warm ridge at upper levels with weak high at surface, and of weak
trough and strong ridge with strong low cyclone at surface, respectively.
Characteristics and differences under different backgrounds of global
temperatures are analyzed by separating the past 40years into two
distinct periods. The decreasing trends of intensities of the trough and
ridge, the temperature at 500hPa, together with the surface systems, are
found to be responsible for the decrease in severe wind eventsin T1, T2 and
T3 inthe last 20 years, while T4 is distinct to the other three categories with
little change in its circulation pattern, and thus continues contributing to
the severe wind events over Beijing. The results found in this study with the
usage of an Al-based algorithm will benefit for the operational forecasting
for extreme wind events over Beijing.
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Introduction

Due to the frequent occurrence of cold air activities in
winter and spring, severe wind events hit Beijing in China
every year. Extreme winds are catastrophic and pose threats to
public facilities, traffic safeties, agricultural productions, as
well as the safeties of peoples’ lives and properties (Qian and
Zhang, 2007; Liu and Guo, 2012; Xu et al,, 2014). As the
Capital of China, the economy and urban population in
Beijing have increased rapidly during the past decades
(United Nations, 2018).
disasters over Beijing and the surrounding North China

Severe winds and secondary

Plain have thus caused more human casualties and
property damage. Therefore, it is of great importance to
study severe wind events over Beijing.

Characteristics of the frequency, intensity, and persistence of
severe winds are often associated with certain atmospheric
circulation patterns dominated by specific large-scale weather
systems. Previous studies have shown that the strength of East
Asian winter winds and the location of the trough over East Asia
have a great influence on the intensity of severe winter and spring
winds over Beijing (Gong and WangZhu, 2001; Li et al., 2006; Xu
et al., 2006; Chen and Wang, 2015). Cold high pressure system
and Mongolian cyclones from the Siberia are the corresponding
dominant weather systems at surface. The stronger the intensities
of cold high pressure system and Mongolian cyclone, the
stronger the wind events are (Wu and Wang, 2002; Kang
et al, 2010; Li et al, 2022). Statistical clustering methods,
such as EOF analysis and K-means clustering methods, are
commonly used for categorizing the atmospheric circulations
and dominant weather systems in meteorology (Yamal et al,
1988; Dommenget and Latif, 2002; Zhou and Yu, 2005; Solidoro
et al, 2007). The self-organizing feature mapping network
(SOM) method first designed by Kohonen (1982) is an ideal
tool for extracting features because the input data are treated as a
continuum without relying on correlation, cluster or Eigen
function analysis (Liu et al., 2006). It is widely used in the
arena of data downscaling and visualizations (Jensen et al,
2012; Pearce et al, 2014; Dyson, 2015; Stauffer et al., 2016).
In the 20th century, the applications of this Al-based algorithm
are increasingly widespread in atmospheric sciences (Reusch
et al.,, 2005; Cassano et al., 2006; Johnson et al., 2008; Swales
et al., 2016; Mattingly et al., 2016; Huang et al., 2017; Rodriguez-
Morata et al., 2018). Many scientists have adopted it in the arena
of classifying atmospheric circulations (Liu and Weisberg, 2005,
2011; Johnson et al., 2008). During the recent 10 years, SOM
methods have also been widely used in extreme weather and
climate events, such as extreme precipitations (Tymvios et al.,
20105 Loikith et al., 2017), droughts (Zhuang et al., 2018), and
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environmental pollution phenomena (LiaoSun et al, 2018;
Callahan and Mankin, 2020; Li et al.,, 2021). However, fewer
studies have been performed on severe wind events over the
metropolis in China. For example, the detailed distributions of
favorable synoptic patterns and their differences in severe wind
events during 1979-2019 have not been conducted before with
the adoptions of either K-means or SOM methods. Recently, the
K-means clustering has been adopted by China Meteorological
Administration for performing mid-term forecasting of large-
scale circulations favorable for extreme weather and climate
events.

Climatological studies on the relationship between the
increasing global temperature and precipitation variability (Katz
and Brown, 1992; Du et al,, 2019; Yu and Zhai, 2021; Zhang et al.,
2021) have indicated that uneven extreme floods and droughts tend
to occur more frequently in the future. Comparative analysis of the
different large-scale circulation patterns under the climatic
background of global warming (Cao and Yin, 2020) will be
conducted in this paper. Focus will be put on the characteristics
of wind speed intensities and temporal variations in different large-
scale circulation types in the two distinct periods, while the possible
reasons are beyond the scope of this study. Besides, there are many
recent studies on the relationship between the meteorological
parameter of wind and the concentration of air pollutants over
Beijing and its surroundings (Chen et al., 2009; Zhang et al., 2012;
Miao et al, 2017; Yin et al, 2019, 2020). It is found that
meteorological paramters are influenced by weather systems of
large and small scales (Aneja et al, 2000; Cao and Yin, 2020).
Large-scale systems dominate the regional meteorological
background, while local circulations also play important roles in
the transports and concentrations of air pollutants. However, most
of those researches focused on either haze weather which requires
small velocities or severe wind events in summer seasons governed
by weather systems which are distinctly different from the cold
airflows in winter and spring seasons. Therefore this study will
investigate the classifications and characteristics of large-scale
circulation patterns conducive to severe wind events in the
winter and spring seasons over Beijing based on the SOM
applications to the recent 40 years.

The remainder of this paper is organized as follows. Data
and methodology are described in Introduction, followed by
descriptions of the characteristics of severe wind events over
Beijing during the past 40 years in Introduction. Categories of
different large-scale patterns conducive to the severe wind
events are obtained by SOM method in Introduction, while
their different
backgrounds analyzed in

characteristics and differences under

of global temperatures are
Introduction. Last section is the summation and discussions

of this study.
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Temporal evolutions of severe wind days over Beijing during 1979 and 2019 by the observational data (solid black curves) and ERA5 reanalysis
data (solid red curves). The dotted grey and red curves are the corresponding trends of univariate linear regression.

Data and methodology

Data

Both observational data and reanalysis datasets are adopted
in this study.

The observational data from local observatory of the Beijing
Southern Suburb Observatory (Station No. 54511) are provided
by the Beijing Meteorological Bureau. The data sequence of the
winter and spring (December-May) from 1979 to 2019 is checked
after quality control. The standard for selecting the severe wind
day is strictly in accordance with the regulations of China’s
(Editorial board of
Atmospheric Science Dictionary, 1994). To be specific, the

meteorological observation business
instantaneous wind speed of 17 m/s and above, or visually
estimated wind force reaching to and exceeding eight levels, is
counted for a severe wind case. Once there’s a severe wind case
during 20:00 in 1 day and 20:00 in the next day of Beijing local
time, it is marked as a severe wind day.

ERA5 (Hersbach et al., 2018) is the fifth generation of the
European Center for Medium-Range Weather Forecasts
reanalysis data, which has been significantly upgraded from
ERA Interim (Dee et al, 2011). The variables adopted in this
study for analyzing and categorizing conducive large-scale
circulations include geopotential height and temperature at
500 hPa, together with sea level pressure and wind 10m
above the ground with a horizontal resolution of 1" x 1°.

Methodology

The adopted SOM method is an Al-based method based
on unsupervised, iterative and competitive learning procedure
which allows unsupervised learning clustering of data
(Kohonen et al., 2001). It is a neural network with only one
input layer and one competing layer. The nodes at the
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competing layer have a topological relationship with each
other, which can be one-dimensional linear or at two-
dimensional planes. Each node at the competing layer
represents either a neuron or a certain category of clusters.
Once the input data finds only one node at the competing layer
with the best match, the winning node is determined. The
parameters of the winning node are then updated with the
usage of the stochastic gradient descent method. Parameters
of the adjacent points around the winning node are also
updated according to their distances to the winning node.
The final convergence is obtained through continuous
iteration, and thus leads to the completion of clustering.
Whether or not a node at the competing layer learns from
the one at the input layer is determined by the neighborhood
function. Only those that are topologically close enough to the
winning node will be updated according to the SOM learning
algorithm.

Python is used in this study to cluster the large-scale
circulation patterns of severe wind events over Beijing during
the past 40 winters and springs. All the variables on the points at
the input layer are normalized by the L2 norm. In other words,
each element value in the eigenvector is divided by the L2 norm
of the vector. The specific steps are listed as follows:

Step 1. Start from inputting the machine learning series in the
vector form, denoted by (x1, x2, ... , xn), and the resulting
number of clusters (m). Here, n represents the total amounts of
neuron nodes at the input layer.

Step 2. Initialize the network connection weight (wji), and
randomly assign and normalize the initial value to wji. Here wji is
between the jth neuron node at the output layer and the ith
neuron node at the input layer; j=1, 2, ... m; i=1, 2, ... n. Determine
the initial values of the learning rate 7(0) (0<n (0) <1) and the
winning field Nj*(0). Determine the maximum training step (T),
together with the permissible error accuracy (e).

Step 3. Select one group from (x1,x2, ...
marked as xk with k=1, 2, ..., n.

, xn) randomly, and

frontiersin.org


https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org
https://doi.org/10.3389/feart.2022.998108

Zhao et al.

100 4
"3 el
& a0 [ o |
-] I May
H 60 31 ¥ mA
= B ! Apr
2
“5 | 8 u Mar
; 40 - 46 I Feb
.§ ) 26 Jan
] | uD
> 20 - ec
5 20
0 4 : | B
T1 T2 T3 T4
FIGURE 2
Severe wind days in each month in T1, T2, T3, and
T4 categories.

Step 4. Calculate the Euclidean distance between the input
vector xk from Step 3 and wji from Step 2 with i ranging from one
to n. Then find the winning neuron node which has the
minimum distance dj* with j ranging from one to m.

Step 5. Update the values of wiji at tth time based on the
following expression as:

Wi (t+1) = wy(t) + 7(t) [ae—wy(8)]

Here 7(t) is the function of topological distance between the
kth neuron node and the j* winning field.

Step 6.Start over from Step 3 by selecting another group from
(X1, X3, . - ., Xp) and run through Step 4 to Step 5, until all of the n
groups are performed.

Step 7. Update the values of 7(t) and the Nj.(t) with t ranging
from one to T.

Stpe 8. Calculate the error E; = ||we-w, || = Yj=1, ... ,m ||
Wit— j,t-l”'

Step 9. The iterative step stops when E; < ¢, otherwise go back
to Step 3 until the end of T.

Temporal variations of severe wind
events over beijing

Seen from the temporal variations of severe wind days
over Beijing from 1979 to 2019 in Figure 1, the overall trend in

TABLE 1 Results from F-test.

Meteorological F
parameter

Geopotential height at 500 hPa 625.17
Temperature at 500 hPa 184.97
Sea surface pressure 2409.98
Anomalies of geopotential height over 500 hPa 7706.87
Anomalies of temperature at 500 hPa 2331.35
Anomalies of sea surface pressure 4231.39
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the past 40 years presented by the observation data (black
solid curves) is decreasing. It is consistent with many
researches (Yan et al., 2014; Callahan and Mankin, 2020; Li
etal, 2021). To be specific, severe winter and spring wind days
over Beijing declines at the rate of 3.2 days per decade.
1980-1988 is a period of frequent occurrences, with an
average of more than 10 days per year. The year of
1980 reaches the maximum (25days). From the year of
1989, the windy days sharply decrease with only 1 day of
strong winds every year and then rise slowly until the year of
2002 after which remains in the range of 3-13 days each year.
After 2002, most years have windy days below 5 days. The year
of 2010 reaches another maximum value in the past 20 years
with 15 days, while the windy days during the past 5 years
shrink to less than 5 days.

The maximum velocities at a height of 10 m above the
surface of the Earth are obtained from ERA5 analysis data of the
same period. The number of windy days which meet the
standard of severe wind days in last section is depicted in
Figure 1 with solid red curves. It is found that the temporal
evolution trends of the two datasets are similar. Besides, the
consistency between these two is higher after the 1990s.
Therefore, the validity of the velocity data from
ERA5 reanalysis datasets is solid for the follow-up
comparative analyses using the SOM method.

The four circulation categories
conducive to severe wind events over
beijing and their individual
characteristics

The four categories and their primary
features

In order to figure out the typical circulation patterns
conducive to winter and spring severe winds over Beijing,
the geopotential height field at 500hPa, the temperature field
at 500hPa, and sea level pressure field are chose as the
eigenvectors following previous studies by Li et al. (2006),
and Chen and Wang (2015), and Ji et al. (2020). The other

F-test F>F-test Hypothesis of

T1=T2=T3=T4
0.00006 2.61 Yes Yes
0.000003 2.61 Yes Yes
0.00012 2.61 Yes Yes
0.000000 2.61 Yes Yes
0.000000 2.61 Yes Yes
0.000000 2.61 Yes Yes
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The composite fields of geopotential height at 500 hPa (contours) for T1, T2, T3 and T4, and their corresponding anomalies to the winter and
spring of 1979-2019 (shaded). Beijing is marked with the white triangle.

commonly used meteorological variables for haze events are
also tested (Cai et al, 2017), such as the temperature
variations in 24h at 2m above the surface, the specific
humidity at 850hPa, and temperature differences between
850 hPa and 200 hPa. Different from results in air pollutant
studies (Chen et al., 2009; Cao and Yin, 2020), they are not as
important as the three variables we adopted for analyzing
synoptic patterns, and are thus not included in the final
experiments. The possible reasons lie in the synoptic-scale
characteristics for the unique severe wind events during the
winter and spring seasons. Troughs and ridges in the westerly
wind belt are clearly represented by the geopotential height
field at 500 hPa on this height layer, which include the Ural
Mountain ridge, the East Asian trough, and several short-
wave troughs. The temperature field at 500 hPa is a powerful
variable for characterizing the extent of cold air
accumulations. For example, a cold center of -40°C

Frontiers in Earth Science

indicates that cold air has already accumulated to a
substantial depth. Sea level pressure fields are capable of
representing weather systems of synoptic scales conducive
to the intensity of extreme winds, such as the Mongolian
cyclones and the cold-core high from Siberia (Kang et al.,
2010).

A total number of 292 severe wind days are selected from
1979 to 2019 from ERA5 reanalysis data. The above three
scalar parameters in the 292 days are then treated as the
clustered element fields. Their values at each grid points in the
domain of 35°N-70°N and 90°E-130°E are individual input
factors to start up the categorizing steps by the SOM method.
In the choice of the node number, this paper starts with the
setting of four by five node. With the aim to find an ideal
result, four by 4, three by 4, three by 3, two by three and two by
two and other different schemes are also performed. Finally
the number of nodes of 2¥2 is determined together with the
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Same as Figure 3, except for the temperature at 500 hPa

maximum training step to be settled as 100 steps. The choice
of the two by two nodes is determined after considerations
from the perspective of both the operational forecasting and
several experiments with different nodes. On one hand,
according to the Weather forecast manual for Beijing (Ji
et al., 2020), the surface synoptic systems responsible for
severe winter-season wind events over Beijing in China can
be divided into two categories, i.e., the high pressure system
with cold core and low pressure system. Meanwhile, the upper
level systems are either low vortex with trough or horizontal
trough. Therefore, the number of subcategories for severe
wind events during the winter and spring seasons over Beijing
is limited for operational forecasting. One the other hand, we
still performed several sets of experiments with different
nodes, such as four by 5, three by 4, and two by 3. Similar
patterns can be seen over different subcategories and finally
can be concluded into the four categories which are obtained
from the two by two nodes. Therefore, we eventually adopt the
two by two nodes in our study for analyzing synoptic patterns
conducive for severe wind events during the winter and spring
seasons over Beijing.
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Theresults are four categories represented by T1, T2, T3 and
T4 hereafter. T1 contains 51 days (17.5% of the total). Both
T2 and T3 contain 87 days, each accounting for 29.8% of the
total. T4 contains 67 days which is 22.9% of the total. This
categorizing result is relatively stable with obvious differences
among each category. Statistical analyses of the severe wind
days in different months in the four circulation types lead to
different results. It can be seen in Figure 2 that in T1 most gale
events occur in December and March, while none in May. In
T2, the most and least likely to experience gale days are
February and January, and then April and May, respectively.
In T3, 87 gale days occur in all of the 6 months with the
maximum in April followed by March. In T4, gale days only
occur in April and May. As a short conclusion, the distributing
features of the above four categories are statistically different
especially in T4 which only contains spring gales. The F-test
method (Casella and Berger, 2001) is conducted among the
three meteorological parameters and their corresponding
anomalies with the statistical results listed in Table 1. It is
found that the six meteorological parameters obtained from the
four classifications all pass the criteria with the F values larger
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Same as Figure 3 except for the sea surface pressure.
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FIGURE 6
Box plot of the daily maximum velocity in T1, T2, T3, and T4.

than F-test values. Therefore, the hypothesis of the similarity
among T1, T2, T3, and T4 is refuted. In other words, the F-test
demonstrates these four types are able to distinguish with each
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other. Since atmospheric circulations vary sharply during the
transition of winter and spring, it is necessary to distinguish
each category before further analysis. In other words, the SOM
method is capable of capturing and distinguishing these
features.

Characteristics of circulation patterns in
the four categories

Figure 3 shows the composite of geopotential height at
500 hPa for the four categories (T1, T2, T3 and T4), together
with their corresponding anomalies to the winter and spring
of 1979-2019. It can be seen that the similarity of the four
types lies in the relatively large meridional distributions.
Beijing is under the control of the northwest air flow in
front of the ridge, which favors the intrusion of the cold air
from the north and thus conducive to severe wind events. The
difference is that T1 and T3 are affected by vortices and
troughs, while their intensities are stronger in T1 with

07 frontiersin.org


https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org
https://doi.org/10.3389/feart.2022.998108

Zhao et al. 10.3389/feart.2022.998108
a b),
10
g 9 T1 21 T2
s 8 5 8 1
T 7 o 71
£ c
E 3 61
) % 54
g 4 _§ 41
E3 £ 31
1 14
ol Y A L AL AN ;
1070 1983 1987 1091 1995 ;g‘-:‘-: 2003 2007 2011 2015 2019 1079 1983 1987 1991 1985 1999 2003 2007 2011 2015 2019
c) d)’
10
o ¥ 13 9 T4
£ 8
b °
g : 7
Eg £6
2 3
- 5 -5
o o
» 4 -4
2 ég
€3] 3
22 32
14 1
——— - - N A A 0 vt v ¥
1979 1983 1987 1091 1995 1999 2003 2007 2011 2015 2019 1979 1983 1987 199! 1995 1999 2003 2007 2011 2015 2019
e) year year
22
20 4 aT4
18 4 <
13
16
< 14 ' w2
'§ 12 4 =Tl
% 10 I
°
{4 ||
3 64
3 I | II I 1| IRT
2L I |I II |I
1579 1933 l“&? 199 935 2011 5 2019
vur
FIGURE 7

Same as Figure 2 but for (A) T1, (B) T2, (C) T3 and (D) T4 categories. (E) quantitative differences among each other.

more northward positions. T2 is controlled by strong troughs
and ridges, while T4 is by weak troughs and strong ridges.

The distributions of temperature fields at 500 hPa in the four
categories as shown in Figure 4 are also distinctly different with
each other. To be specific, the anomaly over Beijing in T1 is
entirely negative with extremely cold centers allocated with the
low trough. It indicates the accumulation of strong cold air at the
upstream side of Beijing. Weak negative anomalies near the
trough and ridge in T2 allocate with increased temperature
gradients between the negative and positive centers. The cold-
core in T3 which relates to the low trough is weak, while the
entire area of T4 shows positive anomaly with a relatively cold
trough.

T1 and T2 share the same characteristics in the form of a high
pressure system which can be seen from the distributions of sea
level pressure field and their anomalies in Figure 5. Beijing is
located in the large value area of the air pressure gradient in front
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of cold high pressure. The intensity of the high pressure system in
T1 is extremely stronger with larger areas. The main part of the
high pressure system in T3 lies slightly north, while the low-
pressure area is stronger. Therefore, Beijing is located in front of
the high pressure system and behind the low-pressure area. In
T4, Beijing is also under the joint control of these two surface
weather systems. The allocation of the weaker high-pressure
system and the stronger low pressure is favorable for the
dominant control of the strong low pressure over Beijing.

Characteristics of the velocities in the four
categories

Distributions of the maximum velocity, minimum and averaged

ones are analyzed with ERA5 reanalysis data and depicted in the four
categories (Figure 6). Three quarters of the velocity in all the four
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FIGURE 8
Same as Figure 3 but for the period of 1980-1999 (upper row) and 2000-2019 (lower row).

i ioi'i ng's ugi 1io-e %.i ﬁi i “i E 13_3 i iii”

-0 -5 -3 0 3 5 10 16 .3 .5 - [ 3 0 16

60°N
50°N
a0°N 25 e :
*E 90°E 100°E 110°E EZO'E 130°E 90°E IH'E ili'f lIg‘E 130°E
-10 -5 -3 ) 3 5 10 16 -10 -5 -3. o 3 5 10 16
FIGURE 9
Same as Figure 8 but for the temperature at 500 hPa
categories are smaller than 23 ms™. They share similar values in over Beijing which is governed by strong cold trough at upper levels
both the minimum velocity (blue curves in Figure 6) and average and strong high pressure systems at surface. T3 which is governed by
one (green curves in Figure 6). The main differences among the four surface cyclones follows with the maximum velocity reaching
categories lie in the frequencies and velocities of severe wind events. 283 ms ' and around 5% exceeding 26 ms™'. The thresholds for
The maximum velocity in T1 reaches 29.7 ms™', with around 5% the rest two patterns are similar to each other which lead to less
exceeding 27.9 m s, It is therefore the strongest circulation pattern extreme windy events.
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FIGURE 10
Same as Figure 9 but for the sea level pressure.

Preliminary results with comparisons to
the categories by the K-means method

Comparisons of the clustering results with assessments
between the SOM and K-means methods are performed with
the following preliminary results. Four circulation patterns
(denoted as K1, K2, K3, and K4; figures omitted) conducive
to severe winds are obtained with the adoption of K-means
method. According to the F-test method, the four types are able
to distinguish with each other. In comparisons to the four
patterns obtained by the SOM method, the three similar
patterns in the distributions of geopotential height at 500 hPa
are as follows: T1 and K1 which are dominated by strong cold
trough, T2 and K3 by strong cold trough and warm ridge, T4 and
K4 by weak trough and strong ridge. T3 is governed by weak cold
vortex or trough, while K2 is by weak cold trough only. The main
difference in surface pressure is the lack of high pressure centers
as presented in T3. Instead, both K2 and K4 show similar
distributions in the form of strong low pressure center.

Quantitative comparisons are performed with the adoption
of the Calinski-Harabasz index which is one of the clustering
algorithms evaluation measures. It is most commonly used to
evaluate the goodness of split by a K-means clustering algorithm.
The index CH is calculated from the following expressions:

SSB -k
CH(K) = o —’Z_I 1)
SSW = ZZJ ||x,- - Cp,'llz (2)
ss8=, mle; - ®
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Here,n; represents the sample number in the jth category. m
and k are the total sample numbers and categories, respectively.
cpi and ¢; are the centers of each category, while X is the center of
the entire dataset. Seen from the values of CH index, i.e., 95.39 for
K-means and 101.35 for SOM, the latter is a little better in this
study. We believe this small advantage obtained from only one
index may not holds true through other evaluation measures
which is beyond this study.

sis between the

Comparative analg99 e o
[

period of 1980-1
of 2000-2019

Compared to the temporal variations of severe wind events during
the past 40 years as shown in Figure 1, the interdecadal variation trends
are analyzed in terms of the four circulation categories. Differences in
the four categories are depicted in Figure 7. It is found that T2 and
T3 are the dominant pattern in the 1980s and 1990s, respectively.
During 2000-2009, the four types play equal importance. In the recent
10 years, T4 is the most conducive one.

With the aim to distinguish the characteristics and to figure out
the dominant circulation patterns responsible for the influence of
increasing global temperature on severe wind events over Beijing in
terms of different circulation patterns, the entire period of
1979-2019 is divided into two sequences of 20 years. One is
from 1980 to 1999, and the other from 2000 to 2019. The
geopotential height at 500hPa, temperature at 500hPa, and the
sea level pressure in these two periods are depicted for this
composite and anomaly fields in Figures 8-10.
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Visible intensity differences of the geopotential height at
500 hPa can be seen in Figure 8 among the four circulation
types, especially in T2 and T3. The intensity of the trough and
ridge in T2 as well as that of the trough in T3 is much stronger in the
first 20 years. The intensity of the trough in T2 varies slightly with
the center value of -14 while the center value of its ridge decreases
rapidly from 10 to 2. The trough systems in T3 decrease from -10 to
-4. The intensity of the trough in T1 is also slightly stronger in the
first 20 years, but its width is significantly widened during the last
20 years. It leads to the reduction of meridional circulations in T1.
The intensity and its amplitude in T4 change little.

The variations of the distributions of temperature at 500 hPa
(Figure 9) are similar to those of geopotential height. The
temperature contrast between the cold and warm airflow in
T2 decreases from 12 to 6, which is the representation of the
weakening intensity of fronts as shown in Figure 8. The area of
the cold-core in T3 significantly shrinks with the intensity anomaly
changes from -2 to 2. The cold-core center in T1 rises a little from
-8 to -5. The intensity in T4 keeps little variations.

As shown by the sea level pressure in Figure 10, the high
pressure system in T1 sharply weakens in the last 20 years with the
center value decreasing from 14 to 8. Together with the northward
positioned center, it means the influence of the cold airflow over
Beijing decreases. Similarly the intensities of the pressure centers in
T2, T3, and T4 all decreases to the extent of two to four.

As a short conclusion, the decreasing trends of intensities of the
trough and ridge, the temperature at 500hPa, together with the
surface systems, are responsible for the decrease in severe wind
events in T1, T2, and T3 in the last 20 years. T4 is distinct to the
other three categories with little change in its circulation pattern, and
thus keeps contributing to the severe wind events over Beijing.

Conclusion and discussion

In this paper, the large-scale circulation patterns of severe wind
events over Beijing from 1979 to 2019 are analyzed and then classified
by an Al-based method into four categories occupying 17.5, 29.8,
29.8 and 22.9% of the total events. The validity of the categorizing
algorithm as well as the reliability of ERAS5 reanalysis data are
investigated firstly. Then the intensities of velocity and temporal
variations in the four types are analyzed with comparison to the entire
events as well as to each other. It is found that during the past 40 years
from 1979 to 2019, the occurrence of severe wind events in the winter
and spring over Beijing decreases to the extent of 3.2 days every
decade. The events occur more frequently in the period of
1980-1988 with more than 10 days every year, and less frequently
in the period of 1989-2002 with the threshold of 3-13 days. Since the
year of 2002, most years only experience less than five events. Under
the decreasing trend of the entire events, the temporal variations for
the four categories are distinct with each other. In the 1980s, T2 is the
dominant circulation pattern with the other three happening
alternately. In the 1990s, T3 occurs most frequently. In the period
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of 2000-2009, T2 and T3 play identically equal importance. In the
recent 10 years, T4 becomes the primary one.

The four categories can be concluded in terms of distributions of
geopotential height at 500 hPa, temperature at 500 hPa, and sea level
pressure. T1 is dominated by strong cold trough at upper levels with
strong high pressure system locating at surface, T2 by strong cold
trough and warm ridge at upper levels with weak high at surface,
T3 by weak cold vortex or trough with jointly influences of high
pressure centers at surface, and T4 by weak trough and strong ridge
with strong low cyclone at surface. These differences in circulation
patterns lead to different weather systems of synoptic scale
responsible for the severe wind events over Beijing. T1 brings the
most severe winds while T4 is the weakest one.

The characteristics for the occurrence and intensity variations in
circulation patterns under the climatic background of global
warming are also investigated in this study. During the latest
20 years from 2000 to 2019, the intensities of the trough and
ridge systems at 500hPa, the temperature centers at 500hPa, and
the pressure centers at surface, all present a weakening trend in T1,
T2 and T3. The combined contributions of the cold air intensity and
primary systems lead to the decreasing trend in severe wind events.
However, T4 varies little with negligible change in the occurrence of
severe wind events during the past 40 years.

The findings of the two most conducive circulation patterns to
severe wind events over Beijing, T1 and T4, with the usage of an AI-
based algorithm will lead to the operational applications for extreme
results the
comparisons of the clustering results by SOM and K-means
methods show a little advantage of the SOM method from the
perspective of one of the clustering algorithms evaluation measures.

wind predictions. Preliminary obtained from

However detailed comparisons between the SOM method and other
methods are beyond the scope of the current study. The relation
between T4 and the increasing trend in haze weather in winter and
spring over Beijing will be investigated in our follow-up studies. As
the urbanization extent increases, the influences of urbanization
together with global warming over the extreme wind events also call
for attention which is beyond the scope of this study.
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