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Abstract

Thunderstorm high wind (THW) is defined as a kind of convective weather phenomenon with a maximum wind gust speed
not less than 17.2 m-s~! over China. It is a sudden, damaging, but common convective weather phenomenon during the warm
seasons of China. By adopting a kernel density estimation (KDE) for the THWs during warm seasons (March—September) of
2010-2019 over eastern China and the European Centre for Medium-Range Weather Forecasts Reanalysis v5 (ERAS5) data-
set, the dry and wet THW s usually with different mechanisms are objectively obtained, and climatology and pre-convection
environmental conditions investigated. KDE shows the total precipitable water (TPW) of 38 mm can be used as the threshold
for distinguishing dry THWs from wet ones. Dry THWs mainly concentrate in North China and Yunnan province, while
wet ones mainly concentrate in South China. West of Hebei province has high frequencies for both dry and wet THWs. A
comparison of pre-convection environmental conditions shows dry THWs mainly occur under environmental conditions with
lower saturation at both the middle-lower and upper layers, while wet ones usually have relatively lower saturation at the
middle-lower layers. The instability of wet THWs can be well characterized by the most unstable lifted index (MULI) and
most unstable convective available potential energy (MUCAPE), while dry ones can be well depicted by the lower 500 hPa
temperature caused higher temperature difference (DT85) or temperature lapse rate (TLR85) between 850 and 500 hPa. The
0—-6-km vertical wind shear (SHR) can distinguish dry THWs from wet ones better than SHR,. The typical difference can
be comprehensively revealed by the representative soundings. The results provide objective references for understanding
and forecasting THWs under dry and wet environmental conditions.

Keywords Thunderstorm high winds (THWs) - Pre-convection environmental conditions - Total precipitable water (TPW) -
Kernel density estimation (KDE) - Climatology of dry/wet THWs

1 Introduction

Thunderstorm high wind (THW) is a kind of suddenly hap-
pened destructive convective weather phenomenon (Smith
et al. 2013; Yang et al. 2017a; Pacey et al. 2021). China
usually suffers from THWSs during the warm seasons. Wide-
spread severe THWs swept across the east of He’nan prov-
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ince and surrounding areas in the afternoon of June 3, 2009,
and caused severe damage (Wang et al. 2012). On June 1,
2016, the tourist ship “Oriental Star” sailing on the Yangtze
River was blown down by a sudden THW event with a maxi-
mum wind speed of at least 31.0 m-s~! (Meng et al. 2016;
Zheng et al. 2016), and 442 people were killed.

THWs are common in tropical and subtropical areas but
have different definitions in different countries and regions.
A study focused on convective wind gusts occurring in

Germany defines those not less than 18.0 m-s™! as severe
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wind events (Mohr et al. 2017). Convective wind gusts not
less than 25.0 m-:s~! are considered severe ones in the USA
(Doswell 2001), Australia (Brown and Dowdy 2021), and
some European studies (Pacey et al. 2021). The convective
gales exceeding 17.2 m-s~! are defined as THWSs by the
National Meteorological Center (NMC), China Meteoro-
logical Administration (CMA).

THWs are usually produced by the mesoscale convec-
tive system (MCS) with different organizational modes.
The organizational modes of MCS and related convective
phenomena, the classification, and background conditions
based on radar echoes are fully studied (Bluestein and Jain
1985; Parker and Johnson 2000; Jirak et al. 2003). All the
bow echoes (Fujita 1978; Przybylinski 1995; Weisman 2001;
Klimowski et al. 2004), squall lines (Smull and Houze 1985;
Parker and Johnson 2000), and super-cells (Moller et al.
1994) can produce THWs. In the USA, non-tornadic severe
wind events are caused mainly by bow echoes, squall lines,
and broken lines (Klimowski et al. 2003; Duda and Gallus
2010; Schoen and Ashley 2011; Smith et al. 2012, 2013).

The understanding of the mechanisms of THWs is still
under development. Fujita (1978) documented that THWs
are formed by descending to the ground of the mid-level
inflow behind the bow echo. Houze et al. (1989) proposed
the conceptual model of a squall line with a trailing strati-
form area. There are intense localized updrafts and down-
drafts within the convective region. Wheatley et al. (2006)
confirmed the close relationships between mid-level inflow
and surface-damaging wind with radar and ground surveys
of wind damage. Numerical simulation and radar analysis
studies in recent years show that low-level meso-y-scale vor-
tices within bow echoes and squall lines are the producers
of the primary damage swath (Trapp and Weisman 2003;
Atkins et al. 2005). The formation of low-level mesovortices
and the cause of surface strong damaging wind are also stud-
ied (Wakimoto et al. 20064, b; Atkins and Laurent 2009a, b).
Xu et al. (2015) show that the mesovortices originate from
the tilting of near-surface horizontal vorticity are mainly
created via surface friction. The dominating organizational
modes associated with THW may change with geography.
For instance, severe gusts caused by quasi-linear convective
systems are most frequent in the plains and the Midwest
regions, whereas severe gusts with disorganized storms are
mainly in the plains and the intermountain West (Gallus
et al. 2008; Smith et al. 2013).

Environmental conditions and mesoscale schemes might
be different favoring different THW intensities. Wakimoto
(1985) concluded that the presence of moisture at mid-lev-
els is the main feature, and the evaporation of precipitation
during the descent below the cloud base is the main cause
of dry THWs. Atkins and Wakimoto (1991) summarized
that the moisture for wet microbursts is present at low level,
and capped by a mid-level dry layer. However, Kuchera and
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Parker (2006) found that dry air entrainment in the mid-lev-
els is not uniquely associated with damaging winds. James
et al. (2006) documented that the hook echo is sensitive to
environmental moisture content and cold pool strength, and
found that they are strongly sensitive to the ambient water
vapor mixing ratio. Roberts and Wilson (1989) and Wolf-
son et al. (1990) found that cold pools are often formed by
the relatively large-scale gust front under wet environments.
However, no clear definition on types of environments such
as wet or dry is found.

There are studies on THWs carried out in China. Fan
and Yu (2013) found that the environmental differences
between THWs and hails (maximum diameter greater than
5 mm) were not significant, but they were significantly dif-
ferent from those of short-duration heavy rainfall (hourly
rainfall greater than 20 mm-h™"). A study on stronger THWs
(>25 m-s~!) carried out by Fei et al. (2016) shows the obvi-
ous dry intrusions in the middle troposphere were nota-
ble. Ma et al. (2019) studied extreme THWs (>30 m-s™')
in China and pointed out that the main feature is also the
existence of obvious dry intrusion. Yang et al. (2017b) and
Ma et al. (2021) analyzed the THWs environment in South
China and North China, respectively, but did not distinguish
between wet and dry environments. Meng et al. (2013)
investigated the general features of squall lines in East China
and found that the squall lines tend to form in an environ-
ment with more moist and weaker vertical shear relative to
their US counterparts. Sun et al. (2014) and Zheng and Sun
(2016) found that the organization modes and intensities of
MCSs can be significantly affected by vertical wind shear
and vertical distribution of moisture. A 50 mm of total pre-
cipitable water (TPW) was arbitrarily taken by Zheng and
Sun (2013) as the threshold for distinguishing dry and wet
MCS environments. Tian et al. (2022) indicate that there is
seemingly a significant TPW threshold for distinguishing the
dry and wet THW environments (shortly for dry THWs and
wet THWs) but much smaller than 50 mm.

The environmental conditions and concerns about fore-
casting dry and wet THWs are very different (Wakimoto
1985; Atkins and Wakimoto 1991). With a newly available
THWSs observational dataset, the TPW threshold for distin-
guishing dry and wet THW  is objectively determined, and
general climatological characteristics and pre-convection
environmental conditions are investigated in this study.

2 Datasets and quality control
2.1 Observational data source and quality control
The 3-hourly severe weather reports (SWRs), hourly routine

observations at surface weather stations, the cloud-to-ground
lightning observation data during 2010 and 2019, as well
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as European Centre for Medium-Range Weather Forecasts
(ECMWEF) Reanalysis v5 (ERAS) hourly estimates (Hersbach
et al. 2020) of atmospheric variables are used in this study.
The severe wind event observations with a time inter-
val of 3 h were obtained from the severe weather reports
(SWRs). In each file, all severe weather events that occurred
in the 3-h period were recorded with station ID, location
(longitude and latitude), exact time (hour and minute),
weather phenomena, and other information. THWs are
obtained based on the following quality control processes.
Firstly, cloud-to-ground lightning data from the China
Lightning Detection Network (CLDN) were used to remove
severe wind events associated with weak thunderstorms
or without thunderstorms by comparing the intensities of
cloud-to-ground lightning between each severe wind event
and the climatic background in the same month (Yang et al.
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2017a). Secondly, the influences of typhoons are excluded
by investigating whether the distance of a THW from the
center of a typhoon is less than 800 km.

Additional quality control processes are executed as there
are still some records that could not be determined to be true
or not. The stations located at prominent highlands, canyons,
islands, offshore, and coastal regions are excluded (Fig. 1a).
The stations located at prominent highlands, canyons, and
islands are excluded directly by checking the altitudes and sur-
rounding geographical conditions. For the offshore and coastal
stations, the total number of THWs is compared with the near-
est land station. The offshore or coastal station is excluded if
the total THW:s is three times more. The stations located in the
Northwest or with an altitude greater than 2000 m are excluded
as severe damaging THW events are mainly reported over the
low-altitude areas of central and eastern China (Wang et al.
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Fig. 1 The spatial distribution of total dry and wet THWs and the
yearly variation of total THWs. The stations excluded in this study
are given as black circles. a The spatial distribution of all studied
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2012; Meng et al. 2016; Zheng et al. 2016). Finally, a total of
2142 stations (Fig. 1a, colored dots) among 2710 stations with
the data during 2010 and 2019 are investigated.

2.2 Environmental parameters

The sounding observations were too coarse to represent the
environments of THWs. Instead, the high-resolution ERAS
data (Hersbach et al. 2020) is used. The horizontal grid
spacing is 0.25°, and there are 28 vertical levels, consist-
ing of one surface level and 27 pressure levels from 1000
to 100 hPa. The data used in this study cover the 10 years
from 2010 to 2019. All the basic parameters are obtained
directly with the ERAS data while some other quantities are
additionally calculated. The closest hour before the exact
time of each of the THW is obtained and used for the pre-
convection environment of THWs. The high quality of the
ERAS data ensures the credibility of results (Zhang et al.
2019; Hersbach et al. 2020; Wang et al. 2023).

The studied parameters (Table 1) are selected according
to known studies. TPW can help distinguish between differ-
ent types of convective weather phenomena (Ma et al. 2021;
Tian et al. 2022). Dry intrusion and degrees of atmospheric
saturation characterized by relative humidity are important
for THWs (Fei et al. 2016; Ma et al. 2019). The most unsta-
ble layer convective available potential energy (MUCAPE)
rather than the surface-based layer CAPE (SBCAPE) is a
commonly used physical quantity characterizing the strength
of conditional instability. The most unstable lift index
(MULI) is also used to characterize the strength of condi-
tional instability (Galway 1956) and is sometimes a better
indicator than MUCAPE (Tian et al. 2015a, 2015b). The
temperature difference between 850 and 500 hPa (DT85)
and the temperature lapse rate (TLR85) are common indi-
cators of atmospheric stability status (Bryan and Fritsch
2000; Nakamura 2011). The temperatures of 500 hPa (Ts)
and 850 hPa (Tjs,) are also analyzed to understand the high
DT85 and TLR8S. The low-level divergence of 925 hPa

Table 1 List of studied parameters

(DIVy,5) and 850 hPa (DIVgs,) characterizes the strength
of low-layer dynamic lifting conditions (Tian et al. 2015a).
Vertical wind shears are important factors of organized con-
vection (Wang et al. 2009; Weisman and Klemp 1982). The
lifting condensation level (LCL) is usually used as an esti-
mate of the height of the cloud base.

3 General features of THWs

The regional distribution and annual variation characteristics
of THWs are clear. The spatial distribution of total THWs
shows two significant high-frequency areas (Fig. 1a): the
North China and the South China. The maximum numbers
of THWSs over both the two high-frequency areas are high up
to about 40 times. The scope with high THWs over the North
China area is much wider than that over the South China
high-frequency area. Shanxi, Hebei, and the center of Inner
Mongolia are all covered by the North China high-frequency
area. East of Guangxi, Guangdong, and south Hu’nan is the
main coverage of the South China high-frequency area.

The annual variation of THWSs has three main peak stages
(Fig. 1b) as the running 9-day average number shows. The first
peak stage appears in April-May. The number of daily THWs
increases from about 20 to about 60. Then it quickly drops
to about 40 at the end of May. But then the number of daily
THWs increases sharply to about 100, the second peak. And
then increases to about 180, the last peak at the end of July.
The maximum daily THWs number is high up to about 220
occurred in the third peak. The moving forward of the three
main growth stages of THWs numbers is in good consistent with
the advance and retreat of subtropical high and the rainy seasons
(Tao 1980). Though the growth of THWs is gradual, the decline
is fast. Except for a small peak at the end of September, the aver-
age daily number of THWs drops quickly. Only a few THWSs are
reported after October 1. According to the annual variation, the
THW:s between March 1 and September 30 are finally used in
this study, and the total sample size is about 18,000.

Abbreviation Parameter description Unit Others

TPW Total precipitable water mm

RH Relative humidity % 200, 300, 500, 700, 850, and 1000 hPa
MULI Most unstable lifted index °C Galway (1956)

MUCAPE Most unstable convective available potential energy Jkg™! Moncrieff and Miller (1976)
DT85 850 and 500 hPa temperature difference °C

TLR85 850 and 500 hPa temperature lapse rate °C km™!

T Temperature °C 500 and 850 hPa

DIV Divergence s7! 850 and 925 hPa

SHR Vertical wind shear ms~! 0~1km, 0~3 km, and 0~6 km
LCL Lifting condensation level m
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4 Division of dry and wet THWs

Studies show that the scatter plots of parameters for THWs
have two highly TPW-related kernel density estimation (KDE)
centers overlapped with that for short-duration heavy rainfall
and hail, respectively (Tian et al. 2022). The characteristic is
still recognizable (Fig. 2) with the datasets used in this study.

TPW plays an important role in the division of dry and
wet THWSs environmental patterns. There are two high
KDE centers in the TPW-MULI (Fig. 2a) and TPW-SHR6
(Fig. 2b). The contour lines of 0.05 mm-°C distinguish the
two KDE centers significantly with the maximum KDE high
up to 0.07 mm-°C. The TPW threshold distinguishes the
two high KDE areas is about 38 mm. The responsible TPW
for the two high KDE centers of TPW-MULI are around
20 and 50 mm. The characteristic is still clearly displayed
in the TPW-SHR6 (Fig. 2b). The TPW corresponding to
the two high KDE areas in TPW-SHR6 are still around
20 mm and 50 mm (Fig. 2b), but the central values of the
two high-probability density regions corresponding to them
are 0.02 mm-m-s~'. The TPW-SHR6 plots are more scat-
tered than those for TPW-MULI. The TPW threshold is also
around 38 mm. However, there is only one single high KDE
center in the MULI-SHR6 (Fig. 2c¢). It is the TPW that deter-
mines the two high KDE areas. THWs appearing in environ-
ments with a TPW less than 38 mm can be considered dry
ones, while the others considered wet ones. However, the

threshold is much smaller than that used by Zheng and Sun
(2013). With this division, the sizes of dry and wet environ-
mental THWs are about 9500 and 8200, respectively.

5 Characteristics of dry and wet THWs
and their environmental conditions

5.1 Characteristics of dry and wet THWs

The THW:s are divided into dry and wet ones with the TPW
of 38 mm. Results show the components of the two high-
frequency areas displayed by total THWs are very different
(Fig. 1). The North China high-frequency area is mainly
composed of dry THWs (Fig. 1¢) while the South China
high-frequency area is almost composed of wet THWSs
(Fig. 1d). Yunnan province, located in southwest China, is
mainly composed of dry THWs. Central Fujian, southern
and central Jiangxi, can be regarded as the extension of the
high-incidence area of wet THWSs. There are also a certain
number of wet THWs in North China. Only a few THWs
over Inner Mongolia are wet while only a few dry THWs
are reported in central and South China. West of Hebei
province has high frequencies for both dry and wet THWs.

There are also significant differences in the annual
cycle of dry and wet THWs but with similar daily cycle

Fig.2 The scatter plots and ker-
nel density estimation (KDE) of
a TPW-MULI, b TWP-SHR6,
and ¢ MULI-SHR6 for studied
THWs
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characteristics (Fig. 3). The annual cycle of the percent-
age of dry and wet THWs shows the earliest THWs were
dominated by dry THWs (Fig. 3a). Dry THWs accounted for
100% in early March and then decreased gradually to about
50% in early April. In August, the percentage of dry THW
decreased to about 20% but soon increased to more than 80%
in September. The wet THWs show opposite changing trends
compared with dry THWs. There are two periods with the
largest differences, one in mid-June and one in mid-August.
The annual variation of the percentage of dry and wet THWs
seems in good consistent with the variation of monsoon
(Zhao et al. 2019). However, the dry and wet THWs have
similar daily cycle characteristics (Fig. 3b). The afternoon
to evening at the local time is the main occurrence period
(BJT, Beijing standard time). The peak is at 5 p.m. The total
proportion of dry and wet THWs from 2 to 9 p.m. (BJT) is
69.3% and 66.8%, respectively. A variation seems highly
related to solar radiation (Amber and O’Donovan 2018).

5.2 Characteristics of pre-convection
environmental conditions

5.2.1 Characteristics of TPW

TPW is the integration of the specific humidity from the
ground to about 200 hPa. The TPW for total THWSs range

from 15 to 65 mm with a mean of about 40 mm (Fig. 4a).
If divided with the TPW of 38 mm, the TPW range for dry
THWs is between 12 and 38 mm, while that for wet THWs
is between 38 and 68 mm. The corresponding relative fre-
quency of TPW for total THWs indicates a wave valley at
about 40 mm (Fig. 4b). The detailed characteristics cannot
be delivered by the box-and-whisker plots.

The relative frequencies display more details about the
distribution of TPW. Relative frequencies of dry and wet
THWs also show a TPW of 38 mm as the threshold is rea-
sonable (Fig. 4b). The 38-mm TPW threshold is almost
the lowest point between the two peaks. With the 38-mm
TPW as a threshold, the two peaks of the relative frequency
of total THWs are separated into two with the means of
TPW for dry and wet THWs are 25 and 55 mm, respectively
(Fig. 4b). The two values are much close to the central val-
ues displayed in Fig. 2.

5.2.2 Characteristics of saturation conditions

Lower relative humidity (RH) indicating intrusion at mid-
dle levels is the key feature of many THWSs. The box-and-
whisker plots of RH,,, show the range for dry and wet
THWs is much different (Fig. 5a). The relative frequency
of dry THWs shows the portion decreases as the saturation
of RH,, increases. The peak for dry THWs is around 10%

Fig.3 The a yearly cycle and b 100 18
daily cycle of the percentage of 90 ( a) 164 (b)
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with a portion of about 10%. The RH,, for wet THWs is
more evenly distributed except for a small peak for those
higher than 90%. Both the box-and-whisker plots and rela-
tive frequencies of RH;, for dry and wet THWs are much
the same (Fig. 5b). Except for those less than 10% and those
greater than 90%, the difference of relative frequency at dif-
ferent RH is also small.

The box-and-whisker plots of RHs, for dry and wet
THWs are also much the same. However, the relative fre-
quencies show a small difference (Fig. 5c). A 40% RHj is
a threshold. For those greater than the threshold the relative

frequency of wet THWs for the same RHjy is a little higher
than that for dry THWs. For those less than the threshold
the relative frequency of wet THWs for the same RH; is a
little less than that for dry THWSs. The same characteristics
can be seen for RH at lower pressure levels but with different
RH thresholds. The difference can be revealed by both the
box-and-whisker plots and relative frequencies. The box-
and-whisker plots of RH,, show the favorable range for dry
THW: s is between 30 and 90%, but for wet THW:s is between
40 and 90% (Fig. 5d). The relative frequencies show that
a portion of wet THWs with an RH;, of about 70%. The
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maximum percentage is around 5%. Only a small part of wet
THWs occurred with the RH, less than 30%. But for wet
THWs, the peak point is 50%, and the maximum percent-
age is about 4%. Wet THWs have more saturated 700 hPa
RH environmental conditions compared with dry THWs.
Furthermore, wet THWSs have a more concentrated distribu-
tion compared with dry THWs. The characteristics are also
revealed by RHgs, (Fig. 5e) and RH,, (Fig. 5f) but with
differences in details especially for wet THWs. The main
range of RHgs, for wet THWs is between 50 and 90% while
for dry THWs is between 20 and 90%. The maximum rela-
tive frequency for dry and wet THWs is about 4% and 7%,
respectively, with the corresponding RHgs, of about 60% and
80%. The dry THWs have a maximum relative frequency
of about 4% for RH,j, at 50% while the maximum relative
frequency for wet THWs is about 6% at 90%.

The main difference in saturation conditions for dry and
wet THWs is at the middle to lower levels of the tropo-
sphere. Dry THWS can occur at a saturation range between
10 and 100% while wet THWSs usually have higher satura-
tion conditions. The difference at RH,, could be caused
by that 200 hPa is already in the stratosphere. This could
be illustrated by the representative soundings given below.
However, except for saturation conditions, instability also
plays an important role.

5.2.3 Characteristics of instability conditions

The stability properties of the atmospheric environment are
important in knowing whether severe convective weather
can occur or not. A comparative analysis of multiple large-
scale environmental thermal representative parameters is
given to reveal the unique instability characteristics of wet
and dry THWSs environments.

The distribution of the most unstable lifted index
(MULI) shows that almost all the wet THWs occur within
negative MULI (Fig. 6a). The mean MULI is —4 °C.
However, there are about a quarter of dry THWs that
occur with a positive MULI. The relative frequency
of dry and wet THWs depicts the details. The peaks
of the relative frequency of dry and wet THWs are — 1
and — 3 °C, respectively. The best convective available
potential energy (MUCAPE) shows similar characteris-
tics compared to MULI (Fig. 6b). Most wet THWs occur
with a certain amount of MUCAPE. The main range of
MUCAPE is between 500 and 2000 J-kg~! with a mean
value of about 1500 J-kg_'. However, there are about a
quarter of dry THWs happened without any MUCAPE.
This is the same as MULI shows but not consistent with a
common understanding. It seems that MULI or MUCAPE
is the necessary component of wet THWs, but not for dry
THWs. Kuchera and Parker (2006) studied the environ-
mental characteristics of non-tornado-caused catastrophic

@ Springer

thunderstorms in the USA and found that lapse rates aloft
were moderately discriminating between damaging and
non-damaging convective wind environments. The per-
formance of temperature difference (DT85) and lapse rate
between 850 and 500 hPa (TLR85) are then investigated.

DT85 and TLRS8S are more physically meaningful indica-
tors of dry THWs compared to MULI and MUCAPE. The
main range of DT85 for wet THWs is between 22 and 30 °C
while for dry THWs is between 23 and 35 °C (Fig. 6¢). The
range for wet THWs is much smaller than that for dry THWs.
The corresponding ranges of TLR85 for dry and wet THWs
are 5.5~8.4 and 5.0~7.0 °C-km~! (Fig. 6d), respectively.
The peaks of TLRS85 for dry and wet THWs are 7.0 and
6.0 °C-km~!, respectively. For reference, the wet adiabatic
lapse rate is about 5.5 °C-km™~!, the dry adiabatic lapse rate
is about 9.8 °C-km~!, and the temperature lapse of standard
atmosphere between above the ground and 6-km altitude is
about 6.5 °C-km~!. A temperature lapse rate greater than
7.0 °C-km~! can be considered strong. Figure 6d shows more
than three-quarters of wet THWs have the TLRS85 less than
6.5 °C-km™". This may be related to the high moisture con-
tent (Fig. 5) and high saturation (Fig. 6) environments for
wet THWs. More than half of dry THWs occur with TLR8S5
higher than 7.0 °C-km™! (Fig. 6d). Seeley and Romps (2015)
documented that undilute buoyancy increases monotonically
throughout the troposphere with decreasing relative humid-
ity with a so-called “zero-buoyancy” theory test. However,
the actual is that if we keep the Q constant the decrease
of RH could lead to the uplift of lifting condensation level
(LCL) which leads to smaller MUCAPE (Chen et al. 2020).
The mean LCL for dry THWs is higher than that for wet
THW:s (Fig. 7) but not significant enough.

The difference of T850 for dry and wet THWs is not as
significant as T500 (Fig. 6e, f). The range of the box of T850
for dry THWs is 14 ~21 °C, and the corresponding range
for wet THWs is 19 ~22 °C. The concentration of T850 for
wet THWs is much higher than that for dry THWs (Fig. 6e).
However, the range of T500 for dry THWs is between — 2
and —25 °C with a mean of about — 12 °C. The range for wet
THWs is between 0 and — 10 °C with a mean of about —4 °C
(Fig. 6f). Only about 50% of T500 for wet THWs overlapped
with that for dry THWs. The T500 for dry THWSs is much
lower than that for wet THWs. The difference of DT85 and
TRLSS for dry and wet THWs is caused by the lower T500
rather than the higher T850. This indicates that more atten-
tion should be paid to the severe decrease of T500 in predict-
ing dry THWs.

The problem of instability is intricate (Schultz et al. 2000)
and out of the scope of this study. A general explanation is
that both MUCAPE and temperature lapse rate can indicate
atmosphere instability. MUCAPE, as a kind of CAPE, in
a physical sense is loosely the vertically integrated buoy-
ancy of an adiabatically lifted sub-cloud atmosphere. MULI
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is to a certain extent another display of MUCAPE. Both
MULI and MUCAPE have good performance under envi-
ronments with a large amount of moisture content and can
help estimate the possible strength of convection. The study
about temperature lapse rate is more detailed (Bryan and
Fritsch 2000; Nakamura 2011) but could not help estimate
the strength of possible convection. However, the MULI and
MUCAPE are not suitable for the recognition of dry THWs
environments that usually have limited moisture content as
displayed in this study. The temperature lapse rate performs
much better. This provides a different view on using the dif-
ferent instability indicators under synoptic environments for
dry and wet THWs, respectively.
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5.2.4 Characteristics of low-level divergence and vertical
wind shear conditions

Both wet and dry THWSs occur in favorable low-level
dynamic lifting environments. Detailed analyses show that
the difference between dry and wet THWs for the DIV s
and DIVgs, is much smaller (Fig. 8a, b). The mean value
of DIVy,5 and DIVs, for both dry and wet THWs are both
around 0.0 s™!. This could be caused by the truth that insta-
bility and moisture indicating the status of the environmen-
tal conditions can last for relatively a longer period. The
environmental condition of instability and moisture would
be destroyed by the triggering of convection or other mecha-
nisms. However, the influence of dynamic lifting lasts rela-
tively short. Convections will be initiated when the envi-
ronment with a certain amount of moisture and instability
encounters favorable dynamic lifting, such as the fronts or
the convergence lines. The closest hour before the exact time
of each of the THWs could not be the moment the THW is

happening.

Vertical wind shear (SHR) is another important factor for
severe convection. The box-and-whisker plots and distribution
of 0~1 km SHR (SHR)) for dry and wet THWs are much the
same indicating almost the same low-level wind shear con-
ditions (Fig. 8c). Comparatively, the vertical wind shear of
0~6 km SHR (SHR) performs better than SHR; on distin-
guishing dry and wet THWs. The SHR for dry THW:s is much
stronger than that for wet THWs. About 50% of dry THWs
concentrate within 10~20 m-s~! as the box shows (Fig. 8d).

Fig.8 Same as Fig. 4a, but for a
DIVg,s, b DIVgs,, ¢ SHR,, and
d SHR,
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The corresponding range for wet THWs is 5~ 15 m-s~!. The
mean values for dry and wet THWs are 15 and 11 m-s™!,
respectively. The relative frequency provides more details but

is much the same as the box-and-whisker plots show.
5.2.5 Representative soundings

The representative soundings provide overall characteristics
of the environment conditions (Fig. 9). The representative
soundings are obtained with the representative temperatures
and representative dew point temperatures of the 27 pressure
levels. The representative dew point temperatures are calcu-
lated with the representative specific humidity and tempera-
tures. The representative soundings are obtained as follows:
the first is to obtain the representative temperature and rela-
tive humidity of 27 pressure levels. The representative value
for a specific pressure level is determined by checking the
distribution of relative frequency of temperature as shown
in Fig. 6e, f, and those for relative humidity are shown in
Fig. 5. The value related to the maximum relative frequency
is picked as the representative value. Second is the calcu-
lation of representative dew temperature. The representa-
tive dew temperature is calculated with the representative
temperature and relative humidity as no dew temperature
data is directly available. The third is the obtaining of the
soundings. The soundings obtained with the representative
values are more representative than the averaged sounding
and represent the most likely probability of occurrence of
dry and wet THWSs.

—~ =
= = 2

0-1 km vertical wind shear (m s™')

[~
N 1

=3
n

S o & o =
o

= Dry THWs

X
@ )
X T, )
J i 6
! S
24 74
2,5
0 8
2 e
(R
4 i
1 ol £,
J <
6 251
3 —Dry WS . o= Dry THWs
8 X X — Wel TI1Ws -84 v
T T T T T T -10 >|< T T T
Dry THWs Wet THWs 0 123 4 Dry THWs Wet THWs 0 1 2 3 45
Percentage (%) Percentage (%)
40
1 - X ——Dry THWs
(C) X X 235 1 (d) —— Wet THWs

= Wet THWs =20 4
530 X
)
T <25 T
B
20 T
S —
5154 7 /
> YV Vo
o) 210 Q
3 [ =TF ,
X X X
bid 0 X
: : ——— : ;
Dry THWs Wet THWs 048 12 16 Dry THWs Wet THWs

Percentage (%)



Climatology and pre-convection environmental conditions of dry and wet thunderstorm high... 1503

Fig.9 The representative Uh @
sounding for a dry and b wet
THWs

200

300 x
\ X

Height (hPa)

100 T

200

300
I

Height (hPa)

The representative soundings of dry and wet THWs show
the comprehensive characteristics of the environmental con-
ditions. The dramatic difference in representative soundings
could be the type of CAPE as shown in Fig. 9. The thin
and short CAPE for dry THW is between 600 and 400 hPa
(Fig. 9a). The CAPE for wet THW is fat and tall and stretches
upwards to about 100 hPa with the bottom at about 900 hPa
(Fig. 9b). The different CAPE shapes are determined by the
profile of temperature and dew point temperature. The near-
surface temperature for dry THWs is smaller than that for
wet THWs, and there is a temperature reversal at 850 hPa
for dry THWs (Fig. 9a). The sounding reflects the general
status of the environmental conditions. The soundings also
show low saturation areas at both middle-lower levels and
upper levels for dry THWSs, but only low saturation areas at
the middle-lower levels for wet THWSs. The middle-lower
low saturation areas could be caused by the dry intrusions.
However, the upper low saturation area in the sounding for
dry THWs is undoubtedly caused by the stratosphere as the
tropopause indicates. The tropopause in the representative
sounding for dry THWs is at about 200 hPa. Meanwhile, the
tropopause in the representative sounding for wet THWs
is higher than 100 hPa. Lower tropopause always means
a lower temperature at the same pressure level. The lower
tropopause for dry THWs can partly explain the better per-
formance of DT85 and TLR&8S5 in distinguishing from wet
THWs. Studies show that specific patterns of tropopause
such as tropopause folds can lead to strong surface wind by
reducing the stability beneath the fold (Griffiths et al. 2000).
The midlatitude areas where the studied area is located in
usually experience tropopause folds though the frequency of
tropopause folds is significantly smaller in the summer than
in the other seasons (Elbern et al. 1998). The tropopause
influences both dry and wet THWs, but mechanisms should
be further explored.

6 Conclusions and discussions

By using SWRs, and the CLDN lightning data, the quality-
controlled THWs are obtained. With the ERAS parameters
from March 1 to September 30, 2010-2019, the dry and
wet THWs are divided by TPW by adopting the KDE. The
climatological characteristics of dry and wet THWs and
environmental conditions are then investigated. The main
findings are summarized as follows:

1) TPW is an effective indicator of environmental condi-
tions favorable for dry or wet THWs. A TPW of 38 mm
can be used as the threshold for distinguishing dry and
wet THW environments.

2) The THWs over North China are mainly composed of
dry ones, while THWs over South China are mainly
composed of wet ones. West of Hebei has high frequen-
cies for both dry and wet THWs. THWs over Yun’nan
are mainly the dry ones. THWs during the deep sum-
mer seasons are dominated by wet THWs while other
seasons are dominated by dry ones.

3) Wet THWs can be well characterized by MULI and
MUCAPE while dry THWs can be well characterized
by higher temperature differences or temperature lapse
rates caused by lower 500 hPa temperature. Dry THWs
occur under a relatively high SHR¢ environment.

4) Representative soundings show the CAPE for dry THWs
is thin and small while for wet THWs is fat and tall. The
middle and lower low saturation areas are the common
features of dry and wet THWs.

The THWs environment in eastern China is much different
from that of other nations (Kuchera and Parker 2006; Taszarek
et al. 2020). It might be caused by different definitions of dam-
aging wind. The damaging wind described by Kuchera and
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Parker (20006) is to a great extent the wet environment convec-
tive wind as they are long-lived, widespread ones. Observa-
tions show that many of the dry THWs in China are usually
produced by isolated convections with a relatively short life-
time (Yang and Sun 2018). Though a TPW of 38 mm can dis-
tinguish the KDE in the scatter plots, the actual environmental
conditions for THWs could be much more complex than we
have known. This study provides a comprehensive understand-
ing of the climatology and environmental conditions of dry and
wet THWs over eastern China. How the physical processes
within THWs-producing MCS are affected by different TPW
amounts is still unknown and needs further to be explored.
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