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Abstract: According to a 10-year (from 2007 to 2016) statistical analysis on the tornadoes in China,
Jiangsu Province and Zhejiang Province, which share many similar geographical characteristics,
experienced 159 (ranked first) and 59 (ranked fifth) tornadoes, respectively. Tornadoes within Jiangsu
[i.e., the Jiangsu type (JST)] and those within Zhejiang [i.e., the Zhejiang type (ZJT)] featured notable
annual, monthly and diurnal variations, which were remarkably different from each other. Both JST
and ZJT showed the largest occurrence frequency (~50% on average) in the afternoon of summer, and
the background environments before the formation of these tornadoes were composited to focus on
their respective universal features. For the JST, it is found that, the upper-tropospheric divergence and
positive geopotential-height anomaly, the middle-tropospheric shortwave trough, warm temperature
advection and positive temperature anomaly, and the lower-tropospheric strong southwesterly wind,
convergence and cyclonic vorticity all acted as favorable conditions for the convective activities
within Jiangsu. For the ZJT, their background environment differed from that of the Jiangsu notably,
and the conditions for the tornadoes’ formation were overall more favorable for the JST. Linear trend
analyses indicated that, both the annual and seasonal (summer) occurrence of the JST tended to
decrease significantly, whereas, those of the ZJT were not significant. For the JST, its occurrence
frequency showed a low linear correlation to the variation of the surface temperature, instead, its
decreasing frequency was more closely related to the significant weakening in the intensity of the
vertical shear of the zonal wind and the updraft helicity within Jiangsu.

Keywords: tornadoes; state grid; risk management; climate change; composite analysis

1. Introduction

Tornadoes are the most severe convective weather phenomenon that has ever been
observed by humans [1]. The surface wind associated with them could reach up to
125–140 m s−1 [2], possessing huge destructive power. According to statistics, the United
States of American suffered frequent and intense tornadic activities during the warm sea-
sons [3–5]. Compared to that, occurrence frequency and intensity of the tornadoes in China
were much lower [6–10]. However, due to the high population density and relatively low
meteorological early warning capability [11], the tornadoes often caused serious casualties
in China [12,13]. For instance, on 30 July 2005, a category 3 tornado on the enhanced
Fujita scale (EF3) appeared in Lingbi County, Anhui Province, and resulted in 15 deaths
and 46 injuries [6]. On 23 June 2016, an EF4 tornado occurred in Funing, Yancheng City,
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Jiangsu Province, and caused 98 deaths and more than 800 injuries [14]. In the evening
of 14 May 2021, strong tornadoes of the EF3 level appeared successively in Suzhou and
Wuhan, causing 14 deaths [9]. In addition to serious casualties, tornadoes often cause
major economic losses in China [8,9]. Of these, their damages to the power facilities of
the State Grid Corporation of China were usually more severe. This is because that, in
addition to the local damages, the tornadoes’ effects on the State Grid could cause serious
economic losses in other regions through interruption of the power supply. According
to the statistic from the State Grid Corporation of China, on 4 October 2015, a tornado
occurred in Panyu, Guangzhou, resulting in a large area of power failure in Guangzhou,
with 409,000 families out of power. On 23 June 2016, a tornado hit Yancheng, Jiangsu
Province, destroyed a transmission tower, and caused two 500-Kilovolt (kV) transmission
lines to trip. This resulted in a power failure for around 73,600 families. On 3 July 2019,
a tornado occurred in Kaiyuan, Liaoning Province, damaged 39 10-kV transmission lines
and caused 7 transmission towers of 66-kV to fall. This resulted in a wide power off for
around 64,800 users.

According to the statistic of Zhou et al. [15], around 983 tornadoes occurred in China
during the 10-yr period of 2007–2016 (Figure 1a). Of these, 159 tornadoes were observed in
Jiangsu Province (Figure 1b), occupying a proportion of ~16.2% (ranking first among all
provinces in China). Among all provinces with a high occurrence of tornadoes, Jiangsu and
Zhejiang share the most notable similarities in terms of geographical characteristics: (i) they
are coastal regions which border the sea in the east; (ii) they have similar longitudes and
latitudes; (iii) most of their terrain are below 1000 m. However, for Zhejiang Province, only
~59 tornadoes were observed (accounting for ~6%; ranking fifth), which was much less than
that of Jiangsu. As tornadoes appeared in these two provinces frequently caused severe
economic losses and serious casualties, it is necessary to conduct detailed investigations
on them. Statistical features are vital to understand the tornadoes [8–10]. Since their
horizontal scales are really small [11,12,16], statistical analyses were mainly focused on
tornadoes’ background environment. For Jiangsu and Zhejiang, where tornadoes are
active, thus far, no previous studies have shown the universal features of the tornadoes’
background environment, and their key statistical features also remain vague. Therefore,
the primary purpose of this study is to fill these two knowledge gaps. Determining the
key statistical features of the tornadoes is helpful to enhance the understanding of their
evolution. Exploring the universal features of the formation conditions of the tornadoes is
useful to identify the precursor signals of the tornadoes’ formation, which has the potential
to improve the related forecasts.
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Figure 1. (a) shows the horizontal distribution of the tornadoes (small red boxes) in China from 2007
to 2016, where the shading is terrain (m). (b) shows the horizontal distribution of the tornadoes
(small red boxes) in Jiangsu and Zhejiang from 2007 to 2016, where the shading is terrain (m).
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The reminder of this study is structured as follows: data and method used in this study
are presented in Section 2; Spatiotemporal features of the tornadoes in Jiangsu and Zhejiang
are shown in Section 3; the universal features of the tornadoes’ background environment
are provided in Section 4; trend analyses related to the tornadoes during the 10-year period
are conducted in Section 5, and finally, a conclusion and discussion are reached in Section 6.

2. Data and Method

In this study, a total of two types of data were used: (a) the tornadoes during a 10-year
period (2007–2016) were analyzed by using the dataset provided by Zhou et al. [15]. This
dataset documented the time (year, month, day, hour) and location (longitude, latitude,
province, etc.) of the tornadoes. (b) the tornadoes’ background environment (e.g., com-
posite analyses, etc.) was investigated by using the hourly 0.25◦ × 0.25◦ European Centre
for Medium-Range Weather Forecasts (ECMWF) ERA5 data [17], which has 37 vertical
levels. The convective available potential energy (CAPE), sea-level pressure (SLP), 2-m
temperature, 2-m dew point, zonal wind, meridional wind, vertical velocity, geopotential
height and temperature were used in calculations and analyses.

In order to show the universal features of the background environment for tornadoes
in Jiangsu, we conducted composite analyses following the steps (i–iv): (i) Analyzing the
diurnal variations of the tornadoes within Jiangsu to determine the period with relatively
high occurrence frequency (to ensure the representativeness of the result, the accumulated
proportion should be higher than 50%). Only the tornadoes appeared in this period
were used for the composite (as the tornadoes’ background environments were affected
notably by local diurnal variations, it was better to use the events appeared during a
similar period of a day for composite). Suppose the period with relatively high occurrence
frequency was from T1 to T2, then, the midpoint of T1 and T2 could be calculated as
Tm = (T1 + T2)/2. (ii) Selecting a time span (i.e., from P1 to P2) to represent the stage
before tornadoes’ formation. Here, both P1 and P2 should be earlier than T1, and the
midpoint of P1 and P2 could be calculated as Pm = (P1 + P2)/2. (iii) At each time step
from P1 to P2, we composited the background environment of all the tornadoes with equal
weight based on the Euler viewpoint (i.e., calculating their arithmetic mean in the same
coordinate system) [18–21]. (iv) For the composited background environments at each
time step, we calculated their temporal mean during the period from P1 to P2 with equal
weight to represent the background environment before these tornadoes’ formation. In
order to highlight the distinct features of the tornadoes’ background environments relative
to the climate mean state from 2007 to 2016, at each hour, we calculated the anomaly
of the tornadoes’ background environment from the climate mean state (i.e., composite
background environment minus the climate mean state).

The updraft helicity utilized in this study was defined by Fu et al. [22], which could
be used as an effective indicator for severe weathers. Its expression is wζz, where w is the
vertical velocity in the (x, y, z) coordinate system (it could be calculated by using the vertical
velocity in the pressure coordinate system based on the hydrostatic approximation), and ζz
is the vertical component of the vorticity vector. In this study, both the updraft helicity and
the vertical integral of the updraft helicity were used for analyses.

3. Spatiotemporal Features

Overall, in China, tornadoes showed a remarkable decreasing trend from east to west
(Figure 1a). Coastal regions south of 36◦ N featured the most active tornado activities, as
tornadoes are closely related to tropical cyclones [8]. Another key feature for the horizontal
distribution of tornadoes in China is that, they tended to appear over the regions with
relatively low altitude and flat surface. This may be an important reason for the notable
contrast on the tornadoes’ frequencies in China and the USA [10]. As Figure 1b shows, for
the tornadoes within Jiangsu, more events tended to occur in the central section; whereas
for those within Zhejiang, more tornadoes tended to appear in the northern section, where
the surface was more flat than other sections of Zhejiang.
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Annual variations of tornadoes in Jiangsu were shown in Figure 2a. It can be found
that, the occurrence number showed notable fluctuations during the 10-yr period, with the
largest frequency (40 tornadoes) appeared in 2008 and the smallest frequency (5 tornadoes)
appeared in 2014 and 2016. Overall, the annual occurrence frequency of the tornadoes
in Jiangsu showed a significant decreasing trend (exceeding the 99.5% confidence level)
of −2.2 tornadoes per year. For Zhejiang, the tornadoes’ occurrence number was ~37.1%
of that in Jiangsu. The annual frequency also showed notable fluctuations during the
10-yr period (Figure 2b), with the largest frequency (13 tornadoes) appeared in 2011 and
the smallest frequency (0 tornadoes) appeared in 2013. The time when the peak and
valley values appeared was different from that of Jiangsu. From 2007 to 2016, only a
weak decreasing trend (cannot exceed the 85% confidence level) was found in the annual
frequency. This is also different from that of Jiangsu.
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As Figure 2c shows, tornadoes in Jiangsu showed a notable monthly variation, with
only one peak (July; 71 tornadoes) appeared. Other months with tornadoes numbers above
10 were June (18) and August (52), whereas, during January, November and December,
no tornadoes occurred in Jiangsu. Overall, a total of 141 tornadoes appeared in summer
(from June to August), occupying a proportion of 88.7%. For the tornadoes in Zhejiang,
they had two peaks (13 tornadoes) in the monthly variation, which appeared in April and
July (orange bar in Figure 2c). A total of 34 tornadoes appeared in summer, occupying
a proportion of 57.6%, whereas, during the whole winter (December, January, February),
no tornadoes occurred in Zhejiang. In summary, the monthly variation of the tornadoes’
occurrence in Zhejiang was notably different from that of Jiangsu.

For the tornadoes documented in Zhou et al. [15], there were some events without an
accurate time of occurrence. For these events, (i) if there were a time range, we calculated
the temporal mean of this range to represent the hour when the tornadoes appeared;
(ii) if there were no information about their hour, we did not use these events in the
diurnal variation analyses. Therefore, there were a total of 148 tornadoes in Jiangsu and
44 tornadoes in Zhejiang for the analyses of diurnal variation. From Figure 3a, the tornadoes
in Jiangsu showed a notable diurnal variation feature, with two peaks appeared at 0800 UTC
[i.e., 1600 local standard time (LST)] and 1200 UTC, respectively. The former occupied
a proportion of ~16.2%, and the latter accounted for ~8.8%. Around 57.4% tornadoes
(85 events) appeared in the afternoon (i.e., the successive period from 0600 UTC to 1000
UTC). For the tornadoes in Zhejiang, they also showed two peaks, the first one appeared
at 0700 UTC, accounting for 18.2%, and the second appeared at 1300 UTC accounting for
6.9%. These two peaks appeared at different time from those of Jiangsu. From 0600 UTC
to 1000 UTC, around 52.3% tornadoes (23 events) occurred in Zhejiang, implying that
the period featured the most frequent occurrence of tornadoes. This was consistent with
that of Jiangsu, and therefore we defined T1 = 0600 UTC and T2 = 1000 UTC (Section 2)
to analyze the tornadoes in both provinces. To focus on the stage before the tornadoes’
formation, we defined P1 = 0000 UTC and P2 = 0300 UTC (Section 2). As mentioned
above, Tm = 0800 UTC and Pm = 0130 UTC, and thus the composite mentioned in Section 2
mainly show the background environment ~6.5 h before the tornadoes’ formation. Because
the seasonal variations might change the background environment notably, it is better to
remove their effects. A further analysis indicates that, for the 85 tornadoes appeared in the
afternoon of Jiangsu (from 0600 UTC to 1000 UTC), 81 events appeared in summer (from
June to August). For the 23 tornadoes appeared in the afternoon of Zhejiang, 15 events
appeared in summer. So, for both provinces, tornadoes showed the largest occurrence
frequency (~50% on average) in the afternoon of summer. Thus, in this study, the composite
studies were conducted on the tornadoes appeared in the afternoon of summer (81 events
in Jiangsu and 15 events in Zhejiang) to show the universal features of their background
environment. Since we only focused on the tornadoes in summer, when calculated the
climate mean state, we only used June, July and August (Section 2), and therefore, the
anomalies in analyses were relative to the climate mean state of summer.
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4. Universal Features of the Background Environment

In this section, we analyzed the composite background environments of the tornadoes
that appeared within Jiangsu and Zhejiang, respectively, during the afternoon of summer
(81 events in Jiangsu and 15 events in Zhejiang). To obtain the horizontal composite
results, we used the method described in Section 2, with T1 = 0600 UTC, T2 = 1000 UTC,
P1 = 0000 UTC and P2 = 0300 UTC. To obtain the vertical profile of a key factor, (i) we
calculated its horizontal composites at all vertical levels from 1000 hPa to 200 hPa to get a
three-dimensional composite field; (ii) we calculated the mean location of the tornadoes in
Jiangsu/Zhejiang; (iii) we calculated the horizontal averaged (centered at the mean location
of the tornadoes in Jiangsu/Zhejiang, and had a radius of 0.5◦) vertical profile of the key
factor by using the three-dimensional composite field of (i). For the sake of simplicity, we
defined the composite results for the tornadoes in Jiangsu as the Jiangsu type (JST), and
those for the tornadoes in Zhejiang as the Zhejiang type (ZJT).

4.1. Configuration of Different Vertical Levels

In the high troposphere, for the JST, the South Asia High (SAH) maintained around
28◦ N (Figure 4a), which was at a higher latitude than that of the 10-year climate mean
state (according to the distribution of the geopotential-height anomaly). Northeast of the
SAH, there was a shortwave trough in the middle and high latitudes, with its trough line
mainly located around 112◦ E. The trough was associated with a warm tongue which
stretched from west to east (Figure 4b), featuring a notable positive temperature anomaly.
West of the trough line, a negative geopotential-height anomaly (Figure 4a) and a warm
center (Figure 4b) appeared; whereas, east of the trough line, a positive geopotential-height
anomaly (Figure 4a) was dominant. Most of Jiangsu was located southeast of the shortwave
trough, which was dominated by a positive geopotential-height anomaly (Figure 4b), a
southward decreasing westerly wind (Figure 4c) and a notable divergence. These were
favorable for ascending motions. Compared to those of the JST, the ZJT showed a notably
different background environment: the SAH was weaker (Figure 4d); the shortwave trough
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was located in a region with lower latitude but larger longitude, with Zhejiang located
west of the trough line (around 122◦ E); the negative geopotential-height anomaly was in
a much wider range which dominated Zhejiang. Moreover, the northern and southern
sections of Zhejiang showed different features, as the former was governed by a positive
temperature anomaly (Figure 4e), a westerly wind and a divergence (Figure 4f), whereas,
the latter was controlled by a negative temperature anomaly (Figure 4e), a northwesterly
wind and a convergence (Figure 4f). Therefore, the northern section was more favorable for
ascending motions.
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In the middle troposphere, for the JST, the Western Pacific Subtropical High (WPSH)
mainly maintained southeast of Zhejiang (referred to the 5880 isohypse in Figure 5a).
Over the Chinese mainland there were two shortwave troughs, which were associated
with a southwest-northeast orientated negative geopotential-height anomaly. Jiangsu was
located ahead of the shortwave trough over Henan and Hebei, where positive geopotential-
height anomaly (Figure 5a) and warm temperature anomaly (Figure 5b) were domi-
nant. As a southwesterly wind (Figure 5c) and a northeastward decreasing temperature
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field (Figure 5b) controlled Jiangsu, warm temperature advection appeared over this re-
gion. This was favorable for promoting ascending motions and lowering the lower-level
pressure [23,24]. For the ZJT, it showed similar features to those of the JST, except that:
(i) its WPSH was much weaker than that of the JST (Figure 5d); (ii) its negative geopotential-
height anomaly was much stronger and larger (in area) than those of the JST, which
controlled Zhejiang; (iii) Zhejiang was dominated by a strong cold temperature anomaly
(Figure 5e); and (iv) the vorticity over Zhejiang was much smaller than that over Jiangsu
(cf., Figure 5c,f).

Sustainability 2022, 14, x FOR PEER REVIEW 9 of 20 
 

 
Figure 5. (a) shows the composite 500-hPa geopotential height (black contour; gpm) and its anomaly 
(shading; gpm) for the JST. Panel (d) is the same as (a) but for the ZJT. (b) shows the composite 500-
hPa temperature (black contour; °C) and its anomaly (shading; °C) for the JST. Panel (e) is the same 
as (b) but for the ZJT. (c) shows the composite 500-hPa wind (a full bar represents 10 m s−1) and 
vorticity (shading; 10−6 s−1). (f) is the same as (c) but for the ZJT. Jiangsu and Zhejiang are highlighted 
in green map, the two small green boxes mark the mean locations of all tornadoes in Jiangsu and 
Zhejiang, and the thick dashed blackish green lines are the trough lines. 

Figure 5. (a) shows the composite 500-hPa geopotential height (black contour; gpm) and its anomaly
(shading; gpm) for the JST. Panel (d) is the same as (a) but for the ZJT. (b) shows the composite
500-hPa temperature (black contour; ◦C) and its anomaly (shading; ◦C) for the JST. Panel (e) is the
same as (b) but for the ZJT. (c) shows the composite 500-hPa wind (a full bar represents 10 m s−1)
and vorticity (shading; 10−6 s−1). (f) is the same as (c) but for the ZJT. Jiangsu and Zhejiang are
highlighted in green map, the two small green boxes mark the mean locations of all tornadoes in
Jiangsu and Zhejiang, and the thick dashed blackish green lines are the trough lines.



Sustainability 2022, 14, 16766 9 of 19

In the lower troposphere, at 700 hPa, Jiangsu was located southeast of a shortwave
trough (that maintained over Henan and Hebei; Figure 6a), where was controlled by a
high-pressure system (its closed center was located over the East China Sea). Negative
and positive geopotential-height anomaly controlled the trough and high-pressure system,
respectively. A strong southwesterly wind band that was along the periphery of the high-
pressure system, controlled Jiangsu (Figure 6b), with the maximum wind speed anomaly
of ≥4 m s−1 appeared in the northern section of Jiangsu. Overall, a negative vorticity
dominated Jiangsu (Figure 6c), whereas, for the divergence, its horizontal distribution was
different for the northern and southern sections of Jiangsu, which reached a nearly neutral
effect within the regions around the mean location of the tornadoes in Jiangsu (i.e., the
small green box in Jiangsu). At 900 hPa, it is clear that a mesoscale vortex maintained
between the mountains in the west and Jiangsu (the purple ellipse in Figure 7a). Jiangsu
was governed by a strong southwesterly wind related to the vortex, with the maximum
wind speed anomaly of ≥3 m s−1 appeared in its southern section. Overall, Jiangsu was
controlled by a strong convergence and a cyclonic vorticity (Figure 7b), both of which
contributed to the convective activities [25–29]. For the ZJT, at 700 hPa, Zhejiang was also
dominated by a high-pressure system (Figure 6d) and featured a negative geopotential-
height anomaly (weaker than that of the JST). A westerly wind that decreased towards
south appeared over Zhejiang (Figure 6e), corresponding to a positive wind speed anomaly
(the maximum value was smaller than that of the JST). A negative vorticity dominated
Zhejiang (Figure 6f), whereas, for the divergence, strong divergence and convergence both
appeared, which reached an overall divergent effect. At 900 hPa, a zonally orientated
shear line maintained around 34◦ N, its related southwesterly wind and positive wind
speed anomaly governed Zhejiang (Figure 7d). As Figure 7e shows, positive and negative
values of divergence appeared alternatively in Zhejiang, whereas, for the regions around
(i.e., within a 1◦ × 1◦ box) the mean location of the tornadoes’ formation, the convergence
was overall stronger than the divergence. This favored the convective activities [25,26].
Similarly, positive and negative values of vorticity appeared alternatively in Zhejiang, and
resulted in an overall effect of anticyclonic vorticity. For the vertical integrated updraft
helicity (from surface to 2 km), the mean tornadogenesis location (i.e., the composite center
of the tornadoes) in Jiangsu was located northeast of a strong helicity center (Figure 7c).
The helicity center would move northeastward towards the mean tornadogenesis location
under the steering of the strong lower-level southwesterly wind (Figure 7a). This was
conducive to the tornadogenesis within Jiangsu [22,26]. Similarly, the mean tornadogenesis
location in Zhejiang was located east of a strong helicity center (Figure 7f), which would
move eastward (under the steering of the strong lower-level westerly wind; Figure 7d) and
favored the tornadogenesis within Zhejiang.

4.2. Surface Features

From Figure 8a, for the JST, a CAPE center of up to 2400 J kg−1 appeared in Jiangsu,
which was much higher than the climate mean state (≥1500 J kg−1). A closed surface low
center appeared west of Jiangsu (Figure 8b), which was associated with a strong negative
SLP anomaly center. Jiangsu was located within a surface low-pressure band, where
negative SLP anomaly was notable. High CAPE and low surface pressure were conducive
to the convective activities. Similarly, for the ZJT, strong CAPE (the maximum value was
above 2100 J kg−1) and positive CAPE anomaly also appeared in Zhejiang (Figure 8c),
however, their intensity was weaker than that of the JST. Moreover, Zhejiang was mainly
governed by a low-pressure zone that stretched from west to east (Figure 8d), and the
corresponding SLP anomaly was also negative (weaker than that of the JST). These were
favorable for the convective activities in Zhejiang.
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tornadoes in Jiangsu and Zhejiang, and the thick dashed blackish green lines are the trough lines.
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Figure 7. (a) shows the composite 900-hPa wind field (a full bar represents 4 m s−1) and the wind
speed anomaly (shading; m s−1) for the JST. (d) is the same as (a) but for the ZJT. Panel (b) shows the
composite 900-hPa divergence (shading; 10−6 s−1) and vorticity (black contour; 10−6 s−1). (e) is the
same as (b) but for the ZJT. Jiangsu and Zhejiang are highlighted in green map, the two small green
boxes mark the mean locations of all tornadoes in Jiangsu and Zhejiang, the thick dashed purple
ellipse marks the main body of a mesoscale vortex and the thick dashed purple line is the shear
line. (c) shows the composite vertical integral (from surface to 2 km) of the updraft helicity (shading;
10−4 m2 s−2) for the JST. (f) is the same as (c) but for the ZJT. The small black boxes mark the mean
locations of all tornadoes in Jiangsu and Zhejiang, and the big grey vector shows the direction of the
lower-level (from surface to 2 km) steering flow.



Sustainability 2022, 14, 16766 12 of 19

Sustainability 2022, 14, x FOR PEER REVIEW 13 of 20 
 

center appeared west of Jiangsu (Figure 8b), which was associated with a strong negative 
SLP anomaly center. Jiangsu was located within a surface low-pressure band, where neg-
ative SLP anomaly was notable. High CAPE and low surface pressure were conducive to 
the convective activities. Similarly, for the ZJT, strong CAPE (the maximum value was 
above 2100 J kg−1) and positive CAPE anomaly also appeared in Zhejiang (Figure 8c), how-
ever, their intensity was weaker than that of the JST. Moreover, Zhejiang was mainly gov-
erned by a low-pressure zone that stretched from west to east (Figure 8d), and the corre-
sponding SLP anomaly was also negative (weaker than that of the JST). These were favor-
able for the convective activities in Zhejiang. 

 
Figure 8. (a) shows the composite surface convective available potential energy (black contour; J 
kg−1) and its anomaly (shading; J kg−1) for the JST. (c) is the same as (a) but for the ZJT. (b) shows the 
composite sea level pressure (black contour; hPa) and its anomaly (shading; hPa) for the JST. (d) is 
the same as (b) but for the ZJT. Jiangsu and Zhejiang are highlighted in green map, “L” means low-
pressure center, and the two small green boxes mark the mean locations of all tornadoes in Jiangsu 
and Zhejiang. 

As Figure 9a shows, Jiangsu was governed by a southwest-northeast orientated sur-
face warm tongue (the strongest warm center was above 32 °C), which featured a strong 
positive 2 m-temperature anomaly (maximum anomaly was above 2.5 °C). Moreover, at 
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Figure 8. (a) shows the composite surface convective available potential energy (black contour;
J kg−1) and its anomaly (shading; J kg−1) for the JST. (c) is the same as (a) but for the ZJT. (b) shows
the composite sea level pressure (black contour; hPa) and its anomaly (shading; hPa) for the JST.
(d) is the same as (b) but for the ZJT. Jiangsu and Zhejiang are highlighted in green map, “L” means
low-pressure center, and the two small green boxes mark the mean locations of all tornadoes in
Jiangsu and Zhejiang.

As Figure 9a shows, Jiangsu was governed by a southwest-northeast orientated surface
warm tongue (the strongest warm center was above 32 ◦C), which featured a strong positive
2 m-temperature anomaly (maximum anomaly was above 2.5 ◦C). Moreover, at the surface,
Jiangsu was located within a southwest-northeast orientated moist band (Figure 9b), where
the difference of 2-m temperature and dew point (DTD) was mainly below 6 ◦C. The DTD
anomaly within Jiangsu was mainly negative, indicating that it was moister than that of the
climate mean state. A warmer and more moist background environment were conducive to
the convective activities. For the ZJT, in terms of temperature, Zhejiang was also dominated
by a warm zone (the strongest warm center was above 32 ◦C) and a warm temperature
anomaly (weaker than that of the JST). In terms of moisture, Zhejiang was located within
a relatively dry zone (Figure 9d), where the DTD was mainly above 8 ◦C, and the DTD
anomaly was positive. This was notably different from that of JST.



Sustainability 2022, 14, 16766 13 of 19

Sustainability 2022, 14, x FOR PEER REVIEW 14 of 20 
 

was also dominated by a warm zone (the strongest warm center was above 32 °C) and a 
warm temperature anomaly (weaker than that of the JST). In terms of moisture, Zhejiang 
was located within a relatively dry zone (Figure 9d), where the DTD was mainly above 8 
°C, and the DTD anomaly was positive. This was notably different from that of JST. 

 
Figure 9. (a) shows the composite 2-m temperature (black contour; °C) and its anomaly (shading; 
°C) for the JST. (c) is the same as (a) but for the ZJT. (b) shows the composite difference of 2-m 
temperature and dew point (black contour; hPa) and its anomaly (shading; hPa) for the JST. (d) is 
the same as (b) but for the ZJT. Jiangsu and Zhejiang are highlighted in green map, and the two 
small green boxes mark the mean locations of all tornadoes in Jiangsu and Zhejiang. 

4.3. Vertical Profiles 
For the JST, as Figure 10a shows, strong convergence and ascending motions both 

appeared at the levels below 800 hPa (Figure 10a) and around 400 hPa. In contrast, strong 
cyclonic vorticity and large specific humidity only appeared in the levels below 800 hPa. 
The lower-level features mentioned above were all favorable conditions for the occur-
rence/development of the tornado-related convections. From Figure 10b, the updraft he-
licity was positive from 1000 hPa to 800 hPa, with the maximum value appeared around 
900 hPa. A thin layer of easterly wind was located below 950 hPa, above which westerly 
wind enhanced rapidly with height. The maximum vertical wind shear of the zonal wind 
appeared in the layer from 1000 hPa to 900 hPa (~3 m s−1). In contrast, the vertical profile 
of the meridional wind showed a different feature: a southerly wind increased with height 
to 600 hPa, and then decreased with height. Its maximum vertical wind shear (~2.5 m s−1) 
was also located in the layer from 1000 hPa to 900 hPa. The total wind shear showed a 

Figure 9. (a) shows the composite 2-m temperature (black contour; ◦C) and its anomaly (shading; ◦C)
for the JST. (c) is the same as (a) but for the ZJT. (b) shows the composite difference of 2-m temperature
and dew point (black contour; hPa) and its anomaly (shading; hPa) for the JST. (d) is the same as (b)
but for the ZJT. Jiangsu and Zhejiang are highlighted in green map, and the two small green boxes
mark the mean locations of all tornadoes in Jiangsu and Zhejiang.

4.3. Vertical Profiles

For the JST, as Figure 10a shows, strong convergence and ascending motions both
appeared at the levels below 800 hPa (Figure 10a) and around 400 hPa. In contrast, strong
cyclonic vorticity and large specific humidity only appeared in the levels below 800 hPa.
The lower-level features mentioned above were all favorable conditions for the occur-
rence/development of the tornado-related convections. From Figure 10b, the updraft
helicity was positive from 1000 hPa to 800 hPa, with the maximum value appeared around
900 hPa. A thin layer of easterly wind was located below 950 hPa, above which westerly
wind enhanced rapidly with height. The maximum vertical wind shear of the zonal wind
appeared in the layer from 1000 hPa to 900 hPa (~3 m s−1). In contrast, the vertical profile
of the meridional wind showed a different feature: a southerly wind increased with height
to 600 hPa, and then decreased with height. Its maximum vertical wind shear (~2.5 m s−1)
was also located in the layer from 1000 hPa to 900 hPa. The total wind shear showed a
similar vertical distribution to that of the zonal wind, and its maximum vertical shear was
~4.5 m s−1. As mentioned above, intense updraft helicity and strong vertical wind shear at
lower levels were conducive to the occurrence/development of the tornado-related convections.
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Figure 10. (a) shows the area (1◦ × 1◦ centered at the composite center of the tornadoes within
Jiangsu) averaged composite profile of the vorticity (red; 10−6 s−1), divergence (blue; 10−6 s−1),
vertical velocity (black; 10−2 Pa s−1), and specific humidity (green; g kg−1). (c) is the same as (a) but
for Zhejiang. (b) shows the area (1◦ × 1◦ centered at the composite center of the tornadoes within
Jiangsu) averaged composite profile of the zonal wind (red; m s−1), meridional wind (blue; m s−1),
horizontal wind speed (black; m s−1) and updraft helicity (green; 10−7 m s−2). (d) is the same as
(b) but for Zhejiang.

For the ZJT, it showed notably different features from those of the JST (cf., Figure 10a,c),
which were characterized by a lower-level (800–1000 hPa) anticyclonic vorticity, conver-
gence and descending motions. Although the specific humidity profiles showed similar
distribution features for the JST and ZJT, the latter was drier at the lower-levels. As Fig-
ure 10d shows, only westerly wind appeared in the vertical profile, with its maximum
vertical shear (~2 m s−1) mainly located in the layer from 1000 hPa to 900 hPa. For the
meridional wind, the southerly wind first increased from 1000 hPa to 900 hPa (the vertical
wind shear was ~1 m s−1); then, decreased from 900 hPa to 850 hPa; after that, it increased
from 850 hPa to 600 hPa, where it reached the maximum value of ~4 m s−1, and then it
decreased again. The total wind shear also showed a similar vertical distribution to that of
the zonal wind, and its maximum vertical shear in the lower troposphere was ~3 m s−1

(appeared in the layer from 1000 hPa to 900 hPa). All the lower-level vertical shears were
smaller than those of the JST. Another notable feature for the ZJT’s vertical profile shown
in Figure 10d was that, a positive zone of the updraft helicity appeared at the lower levels
(from 1000 hPa to 800 hPa), which were larger in range than that of the JST. Overall, the
lower-level favorable features for the convective activities were the strong convergence
(from 900 hPa to 750 hPa), large specific humidity, positive updraft helicity, and notable
vertical shears.

5. Trend Analyses

As discussed in Sections 4.2 and 4.3, the larger CAPE, lower SLP, warmer surface
(indicated by the 2-m temperature), stronger vertical wind shear from 1000 hPa to 900 hPa
(i.e., 0–1 km), and larger updraft helicity were conducive conditions for tornadoes within
both Jiangsu and Zhejiang. Moreover, the surface moisture was also closely related to the
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tornadoes. Therefore, we calculated the linear correlations between the tornado frequency
in summer (from 2007 to 2016) and the corresponding spatiotemporal mean factors (for
each year, the temporal average was first conducted from June to August, and then the
horizontal average was calculated within Jiangsu/Zhejiang) to determine the factors that
account for the seasonal (i.e., summer) variation of the tornadoes. As Table 1 shows, for
both JST and ZJT, the zonal-wind vertical shear (from 1000 hPa to 900 hPa) showed the
closest relationships to the occurrence of tornadoes. For the JST, the linear correlation
coefficient exceeded the 95% confidence level, whereas for the ZJT, the correlation was not
significant. Another factor might affect the seasonal variation of the tornadoes in Jiangsu
was the updraft helicity, and its correlation coefficient was 0.52, which exceeded the 90%
confidence level. All the other remaining factors shown in Table 1 could not pass the
significance test, implying that they might not be key factors that determined the seasonal
variation of the tornadoes.

Table 1. Correlations between the tornado number in Jiangsu/Zhejiang (from June to August) and
averaged variables (for each year, the temporal average was first conducted from June to August,
and then the horizontal average was calculated within Jiangsu/Zhejiang). Those exceed the 90%
confidence level are highlighted in italic, and those exceed the 95% confidence level are highlighted
in bold. CAPE = convective available potential energy, HEL = helicity (vertical component), ZWS =
zonal-wind vertical shear (from 1000 hPa to 900 hPa), MWS = meridional-wind vertical shear (from
1000 hPa to 900 hPa), SLP = sea level pressure, SUT = surface temperature (indicated by the 2-m
temperature) and DTD = difference of 2-m temperature and dew point.

CAPE HEL ZWS MWS SLP SUT DTD

Jiangsu 0.25 0.52 0.74 0.48 0.12 −0.13 0.29
Zhejiang 0.26 0.18 0.34 0.15 0.24 0.22 0.23

As discussed in Section 3, the annual occurrence frequency of the tornadoes in Jiangsu
showed a significant decreasing trend. This decreasing trend was also significant for the
tornadoes within Zhejiang during summer (Figure 11a), which exceeded the 99.9% confi-
dence level. It can be found that, from 2007 to 2016, the tornadoes’ occurrence frequency
within Jiangsu decreased by ~2.2 per year. This means tornadoes’ threat decreased during
this period. Under global warming condition, from 1993 to 2022 (a 30-year period), Jiangsu
and Zhejiang also showed an increasing trend in their surface temperature during the
summer, both of which exceeded the 90% confidence level (Figure 11b,c). However, the
increasing was not evenly distributed: from 2007 to 2016, both provinces showed a weak
decreasing trend in temperature (could not exceed the 95% confidence level). However,
no significant linear correlation could be found between the surface temperature and the
tornadoes’ occurrence frequency (Table 1). This indicates that global warming might not
directly affect the occurrence of tornadoes within Jiangsu and Zhejiang.

Since the vertical shear of zonal wind and the updraft helicity acted as key factors for
the tornadoes’ occurrence within Jiangsu, we calculated their respective linear trends to
check whether they showed consistent features with those of the tornadoes. As Figure 11f
shows, the zonal wind shear featured a significant (exceed the 95% confidence level) decreas-
ing trend of −0.11 m s−1 a−1 from 2007 to 2016. In addition, the updraft helicity also showed
a significant (exceed the 95% confidence level) decreasing trend (−1.3 × 10−9 m s−2 a−1)
during the 10-year period. The decreasing in intensity of these two factors mean that the
conditions for the tornadoes’ occurrence became worse within Jiangsu, and therefore, the
occurrence of tornadoes during summer tended to decrease from 2007 to 2016.
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Figure 11. (a) illustrates the seasonal number (summer) of tornadoes in Jiangsu, where the red dashed
line is the linear trend (the trend exceeding the confidence level of 95% is shown by a red value).
(b) shows the horizonal average (within Jiangsu) of the summer mean temperature (from June to
August; K) during a 30-yr period, where the red dashed line is the linear trend (the trend exceeding
the confidence level of 90% is shown by a blue value). (c) is the same as (b) but for Zhejiang. (d,e) are
the same as (b,c) but for a 10-yr period (the focused period in this study). (f) is the horizonal average
(within Jiangsu) of the summer mean zonal wind shear (from June to August; m s−1) during a 10-yr
period (the focused period in this study), where the red dashed line is the linear trend (the trend
exceeding the confidence level of 95% is shown by a red value). (g) is the same as (f) but for the
updraft helicity (10−8 m s−2).
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6. Conclusions and Discussion

Based on the 10-year statistical analysis of tornadoes from Zhou et al. [15], in this
study, we mainly investigated the tornadoes in Jiangsu Province (ranked first in China) and
Zhejiang (ranked fifth) Province to show the key features of their background environment
and linear trends. Overall, in China, tornadoes showed a remarkable decreasing trend from
east to west, and they tended to appear over the regions with relatively low altitude and
flat surface. Tornadoes featured notable annual (on average, ~16 and ~6 tornadoes occurred
per year for Jiangsu and Zhejiang, respectively), monthly and diurnal variations, which
were remarkably different for Zhejiang and Jiangsu. For both provinces, tornadoes showed
the largest occurrence frequency (~50% on average) in the afternoon of summer, and thus
the background environments (~6.5 h) before the formation of these tornadoes (81 events in
Jiangsu and 15 events in Zhejiang) were composited to focus on their respective universal
features. The results indicate that, the conditions for the tornadoes’ formation were overall
more favorable for the JST. It should be noted that, for the JST, 81 tornadoes within Jiangsu
(~51% in proportion) were used in the composite, whereas, for the ZJT, only 15 events
were used in the composite. In order to evaluate how well the composite results could
represent the tornadoes’ universal features, we calculated the correlations (i.e., Pearson
correlation) [1] between a composite variable (we tested three variables, including 500-hPa
geopotential height, 700-hPa zonal and meridional wind) with the corresponding variable
6-h before the formation of each tornado. The correlation coefficients were calculated
within the range of 26–36◦ N,113–125◦ E. It was found that, for both JST and ZJT, the
mean values of the correlation coefficients were above 0.5 (not shown). Therefore, it can be
concluded that, the composite results could be used as the representatives for the tornadoes’
background environments.

For the tornadoes within Jiangsu, it is found that, their background environment
was notably favorable for convective activities: (i) In the high troposphere, a positive
geopotential-height anomaly, a warm temperature anomaly and a strong divergence south-
east of the shortwave trough over Central China were conducive to ascending motions.
(ii) In the middle troposphere, the warm temperature anomaly and warm temperature
advection ahead of a westerly shortwave trough over Central China acted as the favorable
factors for promoting ascending motions and lowering the lower-level pressure. (iii) In
the lower troposphere, a mesoscale vortex that maintained northwest of Jiangsu Province
contributed to the convective activities within Jiangsu through its associated strong south-
westerly wind, strong convergence and cyclonic vorticity. Moreover, the positive updraft
helicity and strong vertical wind shear in the layer of 1000–800 hPa were also conducive to
the convections. (iv) At surface, a closed surface low center maintained west of Jiangsu, its
associated high CAPE, warm and moist tongue were all favorable factors for the convective
activities within Jiangsu. For the tornadoes within Zhejiang, their background environment
differed from that of the Jiangsu notably, and their similarities mainly lay in the high CAPE,
low pressure, warm temperature at surface, as well as the positive updraft helicity and
notable vertical wind shear at the lower levels.

Linear trend (from 2007 to 2016) analyses showed that, both the annual and seasonal
(summer) occurrence of the tornadoes within Jiangsu tended to decrease significantly,
whereas, those of Zhejiang were not significant. Decreasing trends that exceeded the 95%
confidence level were also found in the vertical shear of the zonal wind and the updraft
helicity, both of which acted as key factors for the tornadoes’ occurrence within Jiangsu.
The decreasing in intensity of these two factors mean that the conditions for the tornadoes’
occurrence became worse within Jiangsu, and therefore, the occurrence of tornadoes during
summer tended to decrease from 2007 to 2016. In contrast, although Jiangsu showed a
notable warming trend during a 30-year period, from 2007 to 2016, there was no significant
trend for its surface temperature. Moreover, the correlation between surface temperature
and tornadoes’ frequency was not significant. These indicate that the global warming might
not directly affect the occurrence of tornadoes within Jiangsu.
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It should be noted that the results of this study might show nonnegligible limitations,
as we only used a statistic during a 10-year period. Tornadoes are too small in horizontal
scale, which made it really hard to collect the data. All the composite results were mainly
focused on the background environment ~6.5 h before the tornadoes’ formation, rather
than on the tornadoes themselves. In the future, after collecting enough data, we will
conduct further studies during a longer period, which will be helpful to reach a more
comprehensive understanding of the tornadoes in China.
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