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During the winter half-year (previous October—April), the mid-latitude
westerlies flows around the Tibetan Plateau (TP) and generate a dynamic
low-pressure trough on its south side and a high-pressure ridge on its north
side. In this study, we define the vorticity perturbation as the difference
between local vorticity and the meridionally-averaged vorticity. Then, the
difference of averaged vorticity perturbation at 600 hPain the two key areas
where the trough and ridge are located is used to represent the intensity of
the flows around the Tibetan Plateau (FAT). The evolution characteristics of
FAT in the winter half-year, as well as in autumn, winter and spring, are
analyzed. Moreover, under global warming, in winter the relationship of FAT
to the precipitation and temperature in China are discussed. The results
show that FAT steadily exists on both sides of TP during the winter half-year.
With the north-south migration of the mid-latitude westerlies, the FAT
gradually strengthens in autumn, with the strongest intensity and the widest
range in winter, and begins to weaken in spring. The intensity of FAT (/gat)
has a decreasing trend and a quasi-4a period variation on the interannual
scale in all the time, both of which are closely related to the mid-latitude
westerlies upstream of TP. Represented by the winter when /g5t is strongest,
the Ieat is significantly correlated to the change of precipitation and
temperature in most parts of China under global warming, especially in
the convergence area over central-eastern China. There is also a significant
correlation between gt and the precipitation and temperature anomalies
in Northwest China, TP, and Northeast China. This relationship between the
FAT anomaly and the climate anomaly in China in winter can be
well explained by analyzing the anomalies of large-scale circulation,
outgoing longwave radiation and water vapor flux divergence. The FAT
anomaly maybe one of the reasons for the climate extreme events in China
in winter.

01 frontiersin.org


https://www.frontiersin.org/articles/10.3389/feart.2022.978995/full
https://www.frontiersin.org/articles/10.3389/feart.2022.978995/full
https://www.frontiersin.org/articles/10.3389/feart.2022.978995/full
https://www.frontiersin.org/articles/10.3389/feart.2022.978995/full
https://crossmark.crossref.org/dialog/?doi=10.3389/feart.2022.978995&domain=pdf&date_stamp=2022-09-30
mailto:zuohch@lzu.edu.cn

mailto:xqgao@lzb.ac.cn
https://doi.org/10.3389/feart.2022.978995
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org/journals/earth-science#editorial-board
https://www.frontiersin.org/journals/earth-science#editorial-board
https://doi.org/10.3389/feart.2022.978995

Zhang et al.

KEYWORDS

10.3389/feart.2022.978995

the flows around the Tibetan Plateau, the mid-latitude westerlies, under global
warming, the anomalies of precipitation and temperature, large-scale circulation,
the climate extreme events

Introduction

The Tibetan Plateau (TP), known as “the roof of the world” and
“the third pole of the Earth”, has an average altitude of more than
4 km. It is a huge barrier standing in the atmospheric circulation
(Gu, 1951). In the winter half-year, when the strong mid-latitude
westerlies approach the TP, they branch in the southwest of the TP
(32°N, 75°E) (Li et al., 2012). The circulations at the southern and
northern parts of the TP are cyclonic and anticyclonic in the
downstream of TP branch point (Yeh, 1950; Ramaswamy, 1956;
Wu et al., 2007), respectively, corresponding to the steady positive
and negative vorticity zones (Murakami, 1981). The northern
branch westerlies guides the strong cold air from the polar
region to the south. The southern branch westerlies transport a
large amount of warm-humid air to the south of China (Li and Luo,
1986;Liang et al., 2005; Zhang et al., 2014;Zhang et al,, 2018). The
cold and warm airflows converge to the east of TP and form a strong
East Asian jet (Bolin, 1950; Gu, 1951; Wu et al., 2015), which has an
important impact on the downstream weather and climate (Yang,
1960; Zhu and Yang, 1990; Fan et al., 2015; Li et al., 2021). Such
flows around TP (FAT) mainly occur in the middle and lower
troposphere, and can also reach above the tropopause sometimes
(Yeh and Gu, 1955; Wang and Wang, 1985).

Wu et al. (2007) named the cyclonic circulation on the south
side and anticyclonic circulation on the north side of TP as TP
“dipole” (TPD) circulation figuratively. They used the divergence
difference between the east and west sides of TP to evaluate the
dynamic effect of TP, which can affect the drought in India, the
early spring rain in South China, and the onset time of Asian
summer monsoon in the Bay of Bengal. Using the mean vorticity
difference between the positive and negative vortex pairs on the
east side of TP, (Jiang et al., 2009),defined the FAT index and
concluded that strong FAT index is conducive to the
transportation of cold air in the middle-high latitudes to North
China, and thus more precipitation can occur in the Yangtze-
Huaihe region. When using the zero line of meridional wind speed
to discuss the seasonal variation of FAT, Li and Zhang (2012)
found that the winter precipitation mainly occurs in the
convergence area of FAT in Eastern China, where the southerly
prevails in the south of the zero line. Qiao et al. (2014) found that
the intensity of FAT varies with height and season. It mainly occurs
in the middle and lower troposphere, and its dynamic effect is
stronger in winter and spring. Jiang et al. (2021) defined the
southern and northern branches of FAT by using the averaged
wind speed in the four regions of FAT, and discussed their impacts
on the weather and climate in China separately. Moreover, the
“north ridge and south trough” circulation is the main weather
pattern causing the snow disasters in the eastern pastoral areas of
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TP in winter and the freezing rain and snow disasters in South
China (Liang et al.,, 2002; Wang et al., 2011).

Under the background of global warming, there is still a lack of
systematic analysis on the interannual variation and seasonal
evolution of the FAT in the winter half-year. There are few
studies on its relationship with precipitation and temperature
anomalies in China in winter, and there are also few studies on
its possible impacts on the high impact weather and extreme events
in China. Therefore, in this study the northern branch ridge (NBR)
and the southern branch trough (SBT) are used to represent the
FAT visually. Then, the intra-seasonal and interannual evolution
characteristics of FAT in the winter half-year are analyzed.
Furthermore, the relationships of FAT to the precipitation and
temperature in China in winter are investigated. Finally, the
possible reasons for this relationship are explored by analyzing
the anomalies of the atmospheric circulation and physical
quantities at different levels. This study has important
implications for understanding the TP dynamic effect on high-
impact weather and climate extreme events in China and could
favor the short-term climate prediction.

Data and methods

Data

The European Centre for Medium-Range Weather Forecasts
reanalysis data set (ERA-interim) with a spatial resolution of 1° x 1°
is used in this study, including the monthly mean sea level pressure,
geopotential height, horizontal meridional wind and zonal wind,
and the 6 h interval horizontal meridional wind and zonal wind
(Dee et al,, 2011; Bao and Zhang, 2013). The 2.5° x 2.5° monthly
average outgoing longwave radiation (OLR) data observed by the
United States (US) polar-orbiting operational meteorological
satellite is used. Besides, the high-resolution 1°x1°grid data from
the Climatic Research Unit of the United Kingdom
(United Kingdom) is also used (Wen et al, 2006). All the data
are from 1979 to 2019, totaling 41 years. The winter half-year is
from previous October to current April. autumn, winter, and spring
are represented by October, January, and April in this study. The
situations in these months are similar to the seasonal average. The
rest months are the transition period of seasons.

Methods

To obtain FAT more clearly in the flow and vorticity field in
the Northeast hemisphere, the article uses the zonal deviation
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The mean zonal deviation circulation (unit: m s™%; contours) and vorticity (unit: 10~°s7%; shaded) field in (A) winter half-year, (B) autumn, (C)
winter, (D) spring at 600 hPa. The boxes to the north and south of the TP represent the average positions of northern branch ridge and southern

branch trough, respectively

algorithm same as the paper (Wu et al., 2007). Use U (o_1s0e) t0
represent the average zonal wind at 0-180" E, and the calculation
method of deviation zonal wind U’ is formula 1, the same
calculation applied to the radial wind V and VOR is consistent

U' =U -U g_1s0p) (1)

The linear tendency estimation, empirical orthogonal
function (EOF) analysis, wavelet analysis, correlation analysis,
and composite analysis are adopted in this study (Torrence and
compo, 1998).

Definition of FAT index

Based on the conservation law of energy and angular
momentum of large-scale motion, Wu (1984) proposed a
theoretical terrain critical height (Hc), that is, when the
mountain height is higher than this value, the air will flows
around rather than over the mountain. He showed that the Hc
value is only a few hundred meters to 1 km. Trenberth and Chen
(1988) thought the value is 1.5km. Through numerical
simulations, Zhang and Qian (1999) showed that the value of
Hc is between 1.5 and 2 km. Li and Zhang (2012) concluded a
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simulation result of 2 km. The annual mean intensities of flows
around and over the TP all increase with increasing altitude, the
flows around prevails in terms of the regional distribution (Li
et al., 2012).

Comparing the zonal deviation flow and vorticity fields at
850 hPa, 700 hPa, 600 hPa and 500 hPa averaged in the winter
half-year of the northeast hemisphere, we find that the absolute
values of the zonal deviation flow and vorticity at 600 hPa are the
strongest, which can be considered that the FAT is the most
significant at 600 hPa in the winter half-year.

Figure 1 shows the zonal deviation flow and vorticity field at
600 hPa averaged in the winter half-year, autumn, winter and
spring. In the winter half-year (Figure 1A), the deviation flow
field in middle and high latitudes in Eurasia is characterized by
“two troughs and two ridges”. The ridge in Western Europe and
the trough in Eastern Europe are weak. The ridge in northern TP
and the East Asian trough are both strong, which can be seen
from the obvious anticyclonic circulation and negative vorticity
center in the north of TP, and the cyclonic deviation circulation
and positive vorticity centers along the coast of East Asia. There
are cyclonic circulation and positive vorticity center on the south
side of TP in mid-low latitudes and strong anticyclone circulation
in the northwest Pacific. It indicates that there is a significant
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FAT phenomenon. On the west side of TP, the airflow diverges
and flows around TP, and then two air flows converge on the east
side of TP, forming an anticyclone deviation circulation on the
north side of TP and a cyclone deviation circulation on the south
side of TP. These appear as an asymmetric TPD circulation on
the north and south sides of TP (Wu et al., 2007), accompanied
by constant negative and positive vorticity bands (Murakami,
1981), respectively. The circulation in the northeast hemisphere
in autumn is similar to that in the winter half-year (Figure 1B).
The deviation circulation and vorticity field are weak, indicating
that the long-wave trough and ridge are weak. This means it is in
the transition period from the summer circulation pattern to the
winter circulation pattern. The TPD is also weak by this time, and
the position of the western Pacific subtropical high is farther
north. With the southward movement of the westerlies, the
deviation circulation characterized by “two troughs and one
ridge” in middle-high latitudes reaches the strongest in winter
(Figure 1C). The East Asian trough, the deviation circulation
center and vorticity center of TDP also reach the strongest. The
center of the cyclonic circulation on the south side of TP moves
eastward, while the western Pacific subtropical high is the
weakest and farther south. In spring (Figure 1D), the long-
wave trough and ridge in the middle-high latitudes weaken
and begin to adjust to the summer circulation pattern
gradually. The deviation circulation and vorticity of the TPD
are also weakened. Weak cyclonic circulation appears in the
southwest of India and the south of the South China Sea,
indicating that the cross-equatorial southerly in the low
latitudes begin to increase, which is conducive to the outbreak
of the Asian summer monsoon (Wu and Zhang, 1998).

It can be further seen from Figure 1 that there is a pair of
cyclonic and anticyclonic zonal deviation circulations in the
north (35-45°N, 70-90°E) and south (20-28°N, 80-100°E)
sides of TP at each period in winter half-year at 600 hPa,
respectively corresponding to strong positive and negative
zonal deviation vorticity centers. These two regions can be
considered as the key regions of FAT activity. The intensity
indexes of SBT (Ispr) and NBR (Iypr) can be expressed by the
average zonal deviation vorticity in the northern and southern
regions, and the calculation method of these are formula 2 and 3,
respectively. The difference between Ispy and Iygg can be used as
the intensity index of FAT (Irat) to represent FAT visually. It is
shown in formula 4.

Ispr = (VOR(ZO—ZS"N,so—IOO"E) ~VORo-180°8)) (2)
Inpr = (VOR(35—45"N,70—90"E) - m) (3)
Irar = Isgr — Inpr
= (VORG.2530-1071) ~ VOR o 1rm)
- (VOR(35—45"N,70—90"E) - m) (4)
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The correlation coefficients between Izt and the TPO index
that uses divergence difference between the east and west sides of
TP (Wuetal, 2007), the FAT index defined by (Jiang et al., 2009)
that uses the average vorticity difference of positive and negative
vortex pairs on the east side of TP, and the meridional wind
divergence line used by Li and Zhang (2012) are 0.89, 0.87 and
0.78, respectively. All the correlations have passed the confidence
test at 0.001 confidence level.

Evolution characteristics of FAT
Vertical structures

In order to understand the vertical structure of FAT, the
vertical profiles of zonal circulation and vorticity averaged in the
main longitude of FAT (80-90°E) in the winter half-year,
autumn, winter, and spring are shown in Figure 2. In the
winter half-year (Figure 2A), the updraft near the equator is
strong and deflects northward at 200 hPa. The updraft at 60°N is
weaker than that at the equator and deflects southward at
300 hPa. The two airflows converge and descend at 30°N. The
intensity difference between the two updrafts indicates that the
Hadley circulation in the low latitudes to the south of TP is
stronger than the Ferrel circulation in the middle latitudes to the
north of TP. The negative vorticity to the south of 25°N is the
strongest near 200 hPa, indicating that the South Asian high in
the upper level to the south of TP is strong. There is a positive
center and a negative vorticity center between 24 and 45°N on the
south and north sides of TP, respectively. The positive vorticity
extends upward from the ground to the tropopause, and the
negative vorticity from the ground to 300 hPa. Both of them
reach the strongest near 600 hPa. This indicates that FAT is the
strongest at 600 hPa on the north and south sides of TP, as
indicated by the vorticity of each level in all periods. There is still
a negative vorticity zone to the north of 45°N, corresponding to
the high-pressure area around Lake Baikal (Chen et al., 2013).
The center of the upper westerly jet with zonal wind speed greater
than 40 m s™" is located at the intersection of two circulations of
200 hPa above 28°N, and also at the zero vorticity line in the
upper levels.

In autumn (Figure 2B), both the Hadley circulation and the
Ferrel circulation are northward. The low latitude strong
ascending is accompanied by obvious positive vorticity at
10°N, indicating that the Intertropical Convergence Zone
(ITCZ) is stronger and farther north. The South Asian high is
also farther north. There are respectively weak positive and
negative vorticity centers on the south and north sides of TP,
which reach the strongest at 500-600 hPa and have obvious
ascending and descending motions. These centers correspond to
the SBT and NBR formed by FAT on the south and north sides of
TP. The upper-level westerly jet moves northward to about 35°N
over the TP, with weak intensity.
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Latitude-altitude cross-sections of meridional (unit: m s™*; vector) circulation, vorticity (unit: 10~°s™*; contour) and upper-level jet (u=30 m s™;
long dashed) averaged in 80—90°E in (A) winter half-year, (B) autumn, (C) winter, (D) spring. (J) the jet center; shadow: the topography.

The Hadley circulation and the Ferrel circulation move
southward in winter (Figure 2C), when their intensity and
range reach the maximum. The descending branches of both
circulations are enhanced by the descending motion of the TP
cold high, resulting in the strongest downdraft over TP (Lu et al.,
2007). The ITCZ at low latitudes moves back to the equator,
making the positive vorticity near the equator extends from the
surface to 200 hPa. The negative vorticity in middle-low latitudes
appears from bottom to top in the troposphere, and thus the cold
high is a deep high-pressure system. The positive and negative
vorticity on the south and north sides of TP increases. Especially,
the positive vorticity reaches the strongest and largest in winter,
indicating that the SBT reaches the strongest and largest in
winter, and extends upward over the TP (Suo and Ding
2009). The westerly jet with wind speed greater than 50 ms™,
which is still centered at 200 hPa, also moves southward and
reaches the strongest in winter.

In spring (Figure 2D), both the Hadley circulation and the
Ferrel circulation weaken, and the anti-Hadley -circulation
becomes obvious on the south side of TP, that is, the “pre
monsoon circulation” (Luo et al, 1984). The ITCZ and the
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deep subtropical high move slightly northward. The positive
and negative vorticity on the south and north sides of TP is
still strong. Especially, the negative vorticity reaches the strongest,
indicating that the NBR is the strongest in spring, and so is FAT.
But, obvious ascending motion occurs at both sides of TP. It is
possibly because the TP starts to change from a cold source to a
heat source, which strengthens the ascending motion and weakens
the descending branch of Hadley circulation (Freitas, et al., 2017).
The South Asian high in the upper level is weakened. The westerly

jet is also weakened to 30 ms™

, and moves slowly northward.

From the analysis of the above vertical circulation structure
characteristics, it can be concluded that the FAT exists in each
time periods. In the winter half-year, the intensity of FAT is
stronger, the Hadley and Ferrel circulations are stronger, and the
upper westerly jet is stronger. In autumn, the FAT is weak, the
Hadley and Ferrel circulations are weak, including the upper
westerly jet. It is noted that not only the FAT is the strongest in
winter, but also the Hadley and Ferrel circulations are also the
strongest, and even the upper westerly jet is the strongest, but its
location is northerly. Finally, the FAT weakened in spring, and
the upper westerly jet is the weakest.
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Spatial distributions of the first eigenvector of the mean zonal deviation vorticity obtained by the decomposition of the empirical orthogonal
function in (A) winter half-year, (B) autumn, (C) winter, (D) spring. The number in the upper right represents the variance contribution of the first

eigenvector. Shadow: the topography

Spatial distributions

Figure 3 shows the spatial distribution of the first eigenvector
of the zonal deviation vorticity obtained by EOF decomposition
in the main area of FAT in recent 40 years. In the winter half-year
(Figure 3A), there is mainly negative zonal deviation vorticity
around the TP and weak positive zonal deviation vorticity away
from the TP. It indicates that the NBR is enhanced from north to
south, and the SBT weakens from south to north. There is an
overall weakening trend of FAT. In autumn (Figure 3B), zonal
deviation vorticity is positive in the NBR area and negative in the
SBT area, indicating both NBR and SBT are weakened.
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Meanwhile, there is a consistent weakening trend of FAT
from north to south. Weak negative zonal deviation vorticity
in the NBR area in winter indicates the enhanced NBR
(Figure 3C). The obvious positive zonal deviation vorticity on
the south side of TP shows the enhancement of SBT from south
to north. FAT in winter is continuously enhanced from south to
north. Zonal deviation vorticity in the NBR area is consistently
positive and decreases from west to east in spring (Figure 3D).
On the other hand, there is large positive zonal deviation vorticity
on the south side of TP and negative vorticity in low latitudes,
which means SBT enhances from south to north. The FAT shows
a weakening trend as a whole. Therefore, the NBR tends to
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weaken in all periods, while the SBT weakens from south to north
in the winter half-year and autumn, but enhances from south to
north in winter and spring. The spatial variation trends of FAT
and SBT are almost the same.

Seasonal variation characteristics

It can be seen from the pentad evolutions of the vorticity in
70-100°E at 600 hPa (Figure 4A) that, the ITCZ maintains near
the equator from January to April, then moves northward
substantially in May, reaches 20°N in July, begins to move
southward in September gradually, and stabilizes near the
The subtropical high
stabilizes in 8-23°N from January to April. In the first

equator at the end of October.

10 days of May, with the onset of the Asian monsoon in the
Bay of Bengal (He and McGinnisSong., 1987; Wu and Zhang,
1998), and the enhancement of the thermal effect of TP, the
subtropical high begins to weaken and contract northward
(Yanai et al., 1992). In summer, due to the obvious thermal
effect of TP, the subtropical high weakens and breaks into
pieces over the TP, and moves northward to around 28°N. In
autumn, the subtropical high slowly intensifies and expands,
and moves back to low latitudes gradually. The SBT between
24°N and 28°N is stronger from January to April, and then
weakens with the weakening and northward moving of the
westerlies. From June to early September, affected by a weak
subtropical high, the SBT moves southward with the westerlies.
The SBT reappears in mid-September and gradually intensifies,
reaching the strongest from previous November to April. The
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NBR exists all year round at 35-45°N. With the migration
of the westerlies, it is stronger in the winter half-year and
weaker from May to August. With the north-south shift of
ITCZ, subtropical high and westerlies, as well as the conversion
of TP between cold and heat sources, the seasonal variation of
FAT is obvious, and it is stronger from November to the next
April.

The FAT, NBR and SBT are formed when the subtropical
westerlies pass through the TP in the winter half-year. In this
study, the average zonal wind speed in the upstream of TP at the
mid-latitudes (20-45°N, 55-70°E) is selected to represent the
index of westerlies intensity (Iy) upstream of TP, and the
relationships between the westerlies and the intensities of
FAT, NBR and SBT are discussed (Figure 4B). It can be seen
that all the indexes have significant seasonal variations.

From January to February, the I, shows an obvious
increasing trend. It reaches the strongest in the 12th pentad,
then decreases remarkably, and reaches the weakest in the 39th
pentad in July with a value close to zero. The westerlies in July
and August are weak, and increase rapidly in September. The
standardized anomalies of Iy, from the 26th to 60th pentad are
lower than zero, indicating that the mid-latitude westerlies
upstream of TP are stronger in the winter half-year from
previous November to current April and reach the strongest
at the end of February. During the weakening and northward
moving of the westerlies at mid-latitudes from the end of April to
October, the westerly wind upstream of TP is gradually replaced
by a stronger easterly wind, which is the strongest in July. When
the westerlies at mid-latitudes begin to move southward, the
intensity of westerly wind upstream of TP enhances again.
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TABLE 1 The correlation coefficients of Irat, IsgT, Ingr, @and .

Each index IFAT ISBT INBR
Ieat / 0.97 0.95
Iy 0.93 0.87 0.93

The NBR exists all year around and changes with the
north-south shift of the westerlies. It is stronger in the winter
half-year from previous November to current April, strongest
in the ninth pentad, and weaker in summer from June to
August, especially in the 43rd pentad in August. It begins to
enhance with the slow southward movement of the mid-
latitude westerlies.

The Ispr is also stronger in the winter half-year. It reaches the
strongest in the eighth pentad, weakens from April to June, and
reaches the weakest in the 53rd pentad. It is weaker from July to
August, and starts to strengthen slowly in September. The
standardized anomalies of Ispr in the 22nd-65th pentad are
less than zero. It means that the SBT changes with the north-
south shift of the westerlies. It is the strongest in winter at the
beginning of February (Suo and Ding, 2009), and then starts to
weaken. With the onset of the Bay of Bengal monsoon from April
to June, the SBT weakens slowly and reaches the weakest rapidly
from July to August in mid-summer, with the intensity close to
zero. When the westerlies at mid-latitudes slowly move
southward, the SBT slowly intensifies from September.

The FAT has the common evolution characteristics of SBT
and NBR. It is stronger in the winter half-year from October to
the next April, and reaches the strongest in the eighth pentad in
February when the Iy, has the second-largest value. Then, the
FAT gradually weakens with the northward movement of the
westerlies at mid-latitudes, and is the weakest in the 45th pentad
in August. The standardized anomalies of Izsr in the 30th-60th
pentad are less than 0. The weakening of FAT is caused by the
simultaneous weakening of SBT and NBR after the weakening
and northward moving of mid-latitude westerlies.

The correlation coefficients between Ly, Ipat, Ispr and Inpr
are shown in Table 1, which all pass the significance test at the
0.001 significance level. They indicate that FAT, NBR, and SBT
are closely related to the changes of the subtropical westerlies in
upstream areas. The correlation coefficient between Iypgr and Ispr
is 0.85, which has also passed the significance test of 0.001,
indicating a significant positive correlation between the NBR
and SBT.

Interannual variation and periodic
characteristics

From the annual average of Izar and Iy, and the wavelet
analysis of Irar (Figure 5), it can be seen that the Ipar and Iy
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have obvious interannual variation and periodic characteristics
in the winter half-year, autumn, winter and spring.

There are the best positive correlation for It and Iy in the
the the
0.001 significance level. They are decreasing trends year by

winter half-year, passing significance test at
year. The trend of Iy, has passed the significance test at the
0.05 significance level. Both of them are stronger before 1997 and
then weaker (Figure 5A). The Ir,7 of the winter half-year has a
4-8a period in the 1990s and a quasi-4a period in the 2010s
(Figure 5B).

In autumn, the mid-latitude westerlies move from north to
south with a weak intensity, which shows a decreasing trend that
has passed the significance test of 0.05. It is the strongest in
1980 and then continually weakens until 1998 (Figure 5C). The
average intensity of FAT in autumn is weaker than that in the
winter half-year. It also reaches the strongest in 1980 and the
weakest in 1994. After that, it intensifies slowly. The correlation
between Izsr and Iy has passed the significance test of 0.001. The
Ipat in autumn has a 2-4a period in the 1980s, and a 4-8a period
in 1990s-2000s (Figure 5D).

The intensity of mid-latitude westerlies and FAT reaches
the strongest in winter, with large interannual variation. But
the positive correlation between them has only passed the
significance test at the 0.02 significance level. The I, shows a
slight weakening trend. It reaches the weakest in 1979, then
slowly intensifies until 1989, maintains a strong state in the
early 1990s, and then slowly weakens. However, the Ipar
shows a slight strengthening trend. Both of them maintain
a strong state around 1990 (Figure 5E). The Igat in winter has
a quasi-2a period in the 1980s, and a 16a period in the 1990s
(Figure 5F).

In spring, as the mid-latitude westerlies start to move
northward, Irat and Iy, weaken, showing a weak weakening
trend. The positive correlation between them has also passed
the significance test at the 0.001 significance level (Figure 5G).
The Igat in spring has a 3-4a period from the 1980s to the
1990s, and a quasi-3a period at the end of the 2000s
(Figure 5H).

Overall, it can be concluded that the interannual evolution of
Ipar is closely related to Iyy in the upstream of TP, both of which
are the strongest in winter and have obvious periodic changes.

According to the above analysis, the FAT is the strongest in
winter. The year when a standardized anomaly of Izst in winter
is greater than one or less than —1 is taken as the strong and weak
winter FAT year, respectively. The results are shown in Table 2.
In the following sections, the winter is used as the representative
period. After the f-test, the composite difference of physical
quantities between strong and weak winter FAT years is used
to explore the relationship between winter FAT anomaly and the
precipitation and temperature in China, as well as the
characteristics of atmospheric circulation under anomalous
winter FAT.
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FIGURE 5
The time series of Ipat(solid line and square), and ly(dashed line and circle) in (A) winter half-year, (C) autumn, (E) winter, (G) spring. The wavelet
power spectrum for Iga7 in (B) winter half-year, (D) autumn, (F) winter, (H) spring. The shaded areas in B, D, F and H indicate statistical significance

0.05 level, and dotted line areas indicate the cone of the wavelet influence by the boundary.
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TABLE 2 The stronger/weaker years of It in winter.

The type of years The years (unit: a)

The stronger years 1981, 1991, 1998, 2001, 2016

The weaker years 1982, 1984, 1986, 1994, 2009, 2014

Relationship of winter FAT with the
climate and atmospheric circulation
in China

Relationship of winter FAT with
precipitation and temperature

The NBR and SBT in winter are closely related to the
precipitation and temperature in China (Fan et al, 2015; Li
et al., 2021). This relationship under the background of global
warming can be seen in Figure 6. There are significantly positive
precipitation anomalies in most parts of China (Figure 6A),
indicating that there will be more precipitation when winter
FAT is stronger and vice versa. Especially in the central part of
Xinjiang and TP, the southern part of Southwest China, North
China, the Yangtze-Huaihe River, the middle and lower reaches
of the Yangtze River and South China, the positive precipitation
anomalies are significant and have passed the significance test.
Only the northern part of Northeast China has weak negative
precipitation anomalies, indicating less precipitation when
winter FAT is stronger and vice versa.

The relationship between temperature in China and winter
FAT is almost opposite. Figure 6B shows negative temperature

10.3389/feart.2022.978995

anomalies in most parts of China, especially in the TP, North
China and the middle of Northeast China. Only the southern
parts of Southwest and South China have positive anomalies that
have passed the significance test, while some weak positive
anomalies occur in local areas of Northwest China, Southwest
China, South China and East China. It means that when the
winter FAT is stronger, the temperature in most parts of China is
lower, especially over the TP and in the middle of Northeast
China, and the temperature in the south of Southwest China and
South China is higher, and vice versa. All the conclusions have
passed the significance test at the 0.1 significance level.

It can be concluded that with the change of Ipy, the
precipitation changes in most parts of China are very significant,
especially in most parts of Northwest, and central-eastern parts of
China under global warming. The anomalies of precipitation and
temperature in TP and Northeast China are also obvious. Extreme
weather such as blizzards and cold waves may occur in some areas of
Northwest China, TP and North China. Low temperature and
continuous rainy weather may occur in the Yangtze-Huaihe
River and the middle and lower reaches of the Yangtze River,
causing road icing. These relationships can be discussed from the
perspective of abnormal atmospheric circulation in stronger and
weaker winter FAT years.

Relationship of winter FAT with
atmospheric circulation

Under the background of global warming, the abnormal FAT in
winter causes the abnormal precipitation and temperature in China,

50°N-
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FIGURE 6
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The t-test results of the (A) precipitation and (B) temperature difference in China between the stronger and weaker winter FAT years. (Solid lines
and dashed lines represent positive and negative values respectively; correlation significant at the 0.01, 0.05 and 0.1confidence level are shaded with

dark and light grey, contour interval: 2)
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FIGURE 7

The t-test results of the difference of (A) sea level pressure (unit: hPa; contours) and OLR (unit: W/m?; shadows), (B) wind (unit: m s™; vectors)

and water vapor flux divergence (unit: 10-6 g-s-1.cm-2-hPa-1; shadows) at 850 hPa, (C) geopotential height (unit: gpm; contours) and vertical
velocity (unit: hPa/s; shadows) at 500 hPa, and (D) wind (unit: m s™*; vectors) and divergence (unit: s*; shadows) at 200 hPa between the stronger
and weaker winter FAT years. The values larger than 1.8 have passed the significance test at the 0.1 significance level

which reflects the abnormal large-scale atmospheric circulation and
physical quantities. The abnormal change of large-scale circulation
may affect the occurrence of extreme events (You et al,, 2011).
The difference of sea-level pressure and OLR between the
stronger and weaker winter FAT vyears is shown in Figure 7A.
There is strong positive pressure anomaly centered over the
Central Siberian Plateau and Northeast China. It indicates that the
Asian cold high is stronger, and results in lower temperature in most
parts of Asia, especially in Northeast and North China. From South
China to the Indochina Peninsula and eastward to the Aleutian
Islands, there is a weak negative pressure anomaly which can cause
higher temperature. There are negative OLR anomalies in most parts
of Asia, especially in Northwest China, TP, the central-eastern China,
and most coastal areas of China. It indicates that there are more
clouds and convective activities (Brant et al., 1998; Liu and Li, 2007),
which is in favor of more precipitation and lower temperature in these
eraes. The OLR anomaly in the TP area in winter has good spatial
consistency and persistence, which can affect the 500 hPa circulation
in the current month and the next 1-2 months (Li et al., 1996).
The t-test results of the difference of wind and water vapor flux
divergence at 850 hPa between the stronger and weaker winter FAT
years are shown in (Figure 7B). As can be seen, the mid-high latitudes
of Eurasia are dominated by anticyclonic abnormal circulation, and
there is significant northerly wind anomaly in Northeast Asia, which
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can guide the cold air in the polar region to the south along the
Central Siberian Plateau through the easterly path and cause low
temperatures in most parts of northern-eastern China in strong
winter FAT years. In the middle and low latitudes, there is an
abnormal cyclonic circulation centered on the TP, with the
strongest part located in the area from the Indian peninsula to the
middle and lower reaches of the Yangtze River in China. It indicates
that the SBT and the southwesterly low-level jet are relatively strong
when winter FAT is strong. The western Pacific subtropical high is
farther north and west. There is easterly wind anomaly in the north of
the Yangtze River, and strong southerly wind anomaly in the south.
Obvious wind shear is formed in the Yangtze River basin, where the
cold air and warm air converge. The abnormally strong southwesterly
low-level jet between the SBT and the western Pacific subtropical high
continuously transports the warm-humid air from the Bay of Bengal,
the South China Sea and the East China Sea to the mainland of China.
There is a significant water vapor flux convergence anomaly in the
south of the Yangtze River. Combined with the cold air moving
southward, it is easy to cause precipitation and low-temperature
weather in most parts of central-eastern China during the strong
winter FAT years, while the temperature in the southwest and
southern China is abnormally high.

In Figure 7C, the t-test is conducted based on the difference of
geopotential height and vertical velocity at 500 hPa between the
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stronger and weaker winter FAT years. As can be seen, there are
positive geopotential height anomalies in the middle-high latitudes
of Asia and near the equator, and negative anomalies in southern
China. It shows that in stronger winter FAT years the Ural high-
pressure ridge and the East Asian trough are weak, the northern part
of Asia is controlled by the abnormally strong high pressure ridge,
and the southern part is an abnormal low-pressure trough. The NBR
in the north side of TP is stronger when winter FAT is stronger,
which guides the cold air from the polar region to the south by the
eastern path, resulting in abnormally low temperatures in northern
and eastern China. The SBT and the western Pacific subtropical high
are relatively stronger. The southwesterly airflow transports more
water vapor from the Bay of Bengal, the South China Sea, the East
China Sea and the western Pacific to the mainland of China. Most
parts of China from northwest to southeast show obvious ascending
motion anomaly in strong FAT winter, especially in the northwest
and south of the Yangtze River, which is conducive to more
precipitation in most parts of Northwest and South China. In
Northeast China, there is a weak positive anomaly, indicating the
descending motion which is unfavorable for precipitation.

Figure 7D shows the t-test results of the difference of
divergence and wind at 200 hPa between the stronger and
weaker winter FAT years. In the mid-high latitudes of
Eurasia, there is an abnormal cyclonic circulation. The polar
front jet in northern Asia is weak, which is an abnormal easterly.
In the subtropical region, an abnormal westerly flow indicates a
stronger westerly jet in strong winter FAT years. In China there is
an abnormal cyclonic circulation centered on the east side of TP.
The subtropical westerly jet on the south side of TP is relatively
strong, and the jet axis is located from the Iranian Plateau to
Indochina Peninsula. The Northwest China, TP and most areas
in eastern China are abnormal high-level divergent areas, which
is conducive to the formation of precipitation. Such distribution
of upper-level jet stream will lead to strong East Asian winter
monsoon and large-scale land surface cooling in China (Mao,
et al.,, 2007; Yao and Li, 2013).

In summary, the baroclinic characteristics from bottom to top in
most parts of Asia in strong winter FAT years are very significant.
The positive surface pressure anomaly and negative OLR anomaly
are significant. At low levels, there is obvious cold air moving
southward by the easterly path in the north of the Yangtze River.
In contrast, the strong low-level jet in the south of the Yangtze River
transports abundant water vapor from the source areas. The cold air
and warm air converge and form a shear line in the Yangtze River
basin. The FAT in middle levels and the ascending motion in most
parts of Northwest and East China are stronger. The divergence at
high levels is stronger in most parts of Northwest and South China.
Meanwhile, the subtropical upper-level jet is also stronger. These
abnormal distributions are consistent with the precipitation and
temperature anomalies shown in Figure 6, which can well explain
the precipitation and temperature anomalies in China, including the
possible causes of the extreme weather such as cold waves and
blizzards in most areas of the North China and TP in winter, the
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low-temperature freezing disasters in the middle and lower reaches
of the Yangtze Rive.

Precursor circulation signals and
abnormal circulation characteristics

the
anomalous circulation in the northern hemisphere during the

Investigating characteristics of precursory and
anomaly of FAT in winter is conducive to understanding the
possible reasons for the formation and change of its relationship
with precipitation and temperature. From 500 hPa geopotential
height anomaly field of the FAT anomaly in January and the
previous in October, November, and December in the northern
hemisphere (Figure 8), the Rossby wave is the main feature.
Firstly, the anomalous field of precursory circulation in
stronger years of FAT is analyzed. The polar vortex is located
at the North American in October (Figure 8A). The North
Atlantic Oscillation (NAO) is strong. The Rossby wave
originating from the North Atlantic propagates eastward,
passes through Europe to Siberia and the Aleutian Islands,
which is a strong positive anomaly. The East Asian Trough is
stronger, and the North Pacific Oscillation (NPO) is also strong.
The positive anomaly in the north of TP is stronger, and negative
anomaly in the south is weaker, indicating the FAT is stronger. In
November (Figure 8C), the polar vortex moves to the eastern
hemisphere, and the NPO is stronger. The trough and ridge on
the south and north sides of TP are weaker, so the FAT is weaker,
too. While the NAO in December (Figure 8E) is significant. The
polar vortex distributed in the North America, the polar regions
and the Ural Mountains are abnormally stronger. The Rossby
wave from the east of the Atlantic Ocean, through the Ural
Mountains to the east of Asia, shows abnormally high pressure.
The East Asian Trough is weaker. Moreover, the trough and ridge
on the south and north sides of TP are still weaker, and the FAT is
also weaker. The propagation of the Rossby wave originating in
the North Atlantic is very evident by January (Figure 8G).
Western Europe and northern Asia are positive anomalies, the
stronger polar vortex is near the Ural Mountains, forming an
“inverted Q) pattern” circulation in the eastern hemisphere, which
is conducive to guiding the cold air from the stronger polar
vortex southward to affect China. At the same time, the NBR and
SBT are stronger, and the FAT is also stronger. The SBT can
transport water vapor from the bay of Bengal and the South
China Sea to China, which is prone to precipitation. It can be seen
that the precursor circulation signal is the strongest in October.
The precursory circulation anomalous field in weaker years
of FAT is not in the opposite phase to the anomalous in stronger
years completely. The NAO and NPO are stronger in October
(Figure 8B). The SBT and NBR in the south and north of TP are
weaker, and the FAT is weaker. In November (Figure 8D), the
stronger polar vortex is biased towards the Western Hemisphere,
and the weaker polar vortex is biased towards northern Asia. The
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FIGURE 8
The composite 500 hPa geopotential height anomaly of winter FAT in previous October (A,B), November (C,D), December (E,F) and anomalous

January (G,H) in the northern hemisphere. A, C, E and G are the stronger FAT years, and B, D, F and H are the weaker FAT years. The shadow is the
same as Figure 6.
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FIGURE 9

Longitude-altitude cross-sections of the average zonal westerly (unit: m s™; vector) anomaly of 20-45°N in (A) the stronger, (B) the weaker of

FAT years. Shadow is the 4 km topography.

NAO is exceptionally strong. The propagation of Rossby wave
originating from the North Atlantic region is unusually
pronounced. The negative anomaly in the north of TP is
weak, and the FAT is weaker. The polar high pressure in
December is stronger (Figure 8F). There is a “multipolar”
circulation in the middle and high latitudes. The abnormal
low pressure in north of TP increases, the NBR is weaker, and
the FAT is also weaker. The polar region is still controlled by the
polar high pressure in January (Figure 8H). The stronger polar
vortex moves southward to the Western Hemisphere. The NAO
is significant. There is a weak high-pressure circulation around
the TP, the NBR is stronger, and the East Asia Trough is stronger
and eastward, which are not conducive to the southward
movement of cold air to affect China. At the same time, the
SBT is weaker, which can’t be conducive to the transportation of
water vapor. The precursory circulation in December is similar to
the abnormal circulation in January.

Anomalous characteristics of upstream TP
zonal westerly wind

The analysis in the previous chapter shows that the changes
of FAT at different time scales are closely related to the changes of
the westerly flow upstream of the TP. The anomaly of the FAT
circulation in winter must be related to the anomaly of the
westerly airflow upstream of the TP. Figure 9 is obtained by
taking a vertical section of the 20-45°N mean zonal westerly wind
upstream of the TP when the FAT is abnormal. When the FAT is
stronger (Figure 9A), the westerly airflow upstream of the TP is
around 65°E, showing a bottom-up enhancement centered at
200 hPa, and the upper-altitude westerly jet is stronger. When the
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westerly airflow passes through the TP, it is blocked by the TP
and forms a north-south branch, and its intensity is weakened.
After the two westerlies converge to the east of the TP, the
intensity increases from bottom to top and from west to east,
forming a stronger subtropical westerly jet stream. The
anomalous characteristics of westerly winds (Figure 9B) are
almost opposite when FAT is weaker or stronger. The
westerly airflow is centered at 200 hPa near 65°E, weakening
from bottom to top, and the high-altitude westerly jet is weaker.
After the two westerly airflows intensifies confluence east of the
TP, and the subtropical westerly jet also intensified, but the
westerly weakens east of 135°E and moved eastward, and the
westerly jet also weakens.

It can be concluded that, according to the upstream and
downstream effects, the strength of the zonal westerly wind
upstream of the TP leads to the abnormality of FAT, and the
change of the subtropical westerly jet stream in the downstream,
which may also be another important trigger mechanism for the
formation of the abnormal relationship between FAT and
precipitation and temperature in China.

Conclusion and discussion

In this study, we define the vorticity perturbation as the
difference between local vorticity and the meridionally-averaged
vorticity. Then, the difference of averaged vorticity perturbation
at 600 hPa in the two key areas where the trough and ridge are
located is used to represent the intensity of the flows around the
Tibetan Plateau (Igar) visually. Then, we analyze the vertical
structure and spatial distribution of FAT in the winter half-year,
autumn, winter and spring, as well as the intraseasonal and
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interannual evolution characteristics of FAT. Taking winter as a
representative, this study discusses the relationship of FAT with
precipitation, temperature and large-scale circulation in China
under global warming. The main conclusions are as follows.

The asymmetric TPD circulation is steady on the north and
south sides of TP in the winter half-year. With the movement of the
westerlies, the FAT begins to strengthen gradually in autumn. In
winter, the mid-latitude westerlies and FAT in the upstream of TP
reach the strongest and the widest. In spring, they begin to weaken
and change to the summer circulation pattern. The NBR shows a
weakening trend in all periods, while the variation trends of FAT and
SBT are the same. The interannual variation of FAT in each period is
mainly a weakening trend year by year, and has a quasi-4a period.

Under the background of global warming, taking winter
which has the strongest FAT as an example, the relationships
of Irar with the precipitation and temperature in China are
analyzed. It is found that the relationships in most parts of China
are very significant, especially in most parts of central and eastern
China, as well as in Northwest China, TP and Northeast China.
In addition, extreme weather such as blizzards and cold waves
may occur in parts of Northwest China, TP and North China,
and the low temperature and freezing events in the Yangtze-
Huaihe River region and the middle and lower reaches of the
Yangtze River.

When the FAT is abnormal in winter, the abnormal fields of
large-scale atmospheric circulation, OLR, water vapor flux divergence
and vertical velocity at all levels are discussed. Results show that the
baroclinic characteristics in most parts of China are significant in the
troposphere from bottom to top. When FAT is stronger, the positive
pressure anomalies on the ground and the negative OLR anomalies
are obvious. There is significant convergence caused by cold and
warm humid air in low levels, and the FAT and ascending motion in
the middle levels are stronger. Meanwhile, the westerlies jet in the
south and the divergence at high levels are relatively strong. Rossby
wave is the main feature of the circulation anomalies and precursor
signals in the northern hemisphere. The precursory signals in stronger
and weaker years of FAT appears in previous October and December
respectively. When the FAT is stronger in winter, the westerly jet in
the upstream of the TP is strengthened from bottom to top
significantly, and it is the opposite in weaker years. These
abnormal distributions can well explain the relationships between
the FAT and the precipitation and temperature in China. In addition,
the FAT anomaly may also be one of the reasons for the climate
extreme events in China, such as cold waves and blizzards in the north
and in most areas of TP in winter, the low-temperature freezing
disasters in the middle and lower reaches of the Yangtze River.

Research on the dynamic effect of TP started in the 1950s (Yeh,
1950; Bolin, 1950; Ramaswamy, 1956). In recent years, the research
on TP mainly focused on the characteristics of its thermal effect and
its impact on Asian weather and climate (He et al., 1987; Liu et al,,
2012). This study only discussed the influence of the mid-latitude
westerlies on the evolution of FAT, but the relationship between TP
thermal status and FAT is still unclear. Duan et al.,2008, and Liu
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etal. (2012) found that the change of wind speed over the TP is the
key factor affecting the thermal condition of TP. Besides the
influence of the westerlies, what else is the driving mechanism of
TP wind speed change? From the perspective of large-scale
circulation, this study has already concluded that the FAT may
be one of the reasons for the high impact winter weather events in
China. What is the effect of FAT on climate extreme weather under
the background of global warming? These are the issues that need to
be studied in the future.
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