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A B S T R A C T   

Using proximity soundings taken during the warm seasons (May–September) of 2011–2018 over North China, 
this work investigated the environments of severe thunderstorms that caused the following four types of 
convective hazards: only hail (H), only thunderstorm high winds (W), only short-duration heavy rainfall (R), and 
two or three types of the above three hazards (hybrid). The environments for non-severe thunderstorms and no- 
rain days were also studied for comparison. Soundings in each weather category were further classified into 
mountain and plain groups. A set of parameters was tested for skill in discriminating between various categories. 
Results indicate that the environments over the plains, compared with those over the mountains, are generally 
characterized by stronger instability, more moisture, and higher vertical wind shear. Over both mountains and 
plains, the precipitable water (PW) shows the greatest skill overall in discriminating between various categories; 
the instability parameters show considerable skill in discriminating between the severe thunderstorm, non-severe 
thunderstorm, and no-rain categories but rather limited skill in discriminating between the four severe thun-
derstorm categories; the wind shear parameters show very limited skill in discriminating between various cat-
egories; the lifting condensation level (LCL) distinguishes well the environments of no-rain and R from those of 
other categories; and the mid-tropospheric pseudo-equivalent potential temperature is the only parameter 
investigated here that shows utility in discriminating between H and W environments. Probability distributions 
in two-parameter spaces reveal that great variations exist regarding the environments under which different 
weather types are most likely to occur.   

1. Introduction 

Severe thunderstorms frequently cause short-duration heavy rainfall 
(SDHR), thunderstorm high winds (THWs), and hail over North China 
(Chen et al., 2013; Yang et al., 2017; Li et al., 2018b) and pose a great 
threat to life and property in this region. For example, the extreme 
rainfall event that occurred in Beijing on July 21, 2012 affected a flood- 
hit population of more than 160 million, caused 112 deaths in Hebei and 
Beijing, and incurred a direct economic loss in excess of RMB 10 billion 
(Sun et al., 2013). Forecasting severe thunderstorms over North China is 
particularly challenging, as storm activities are strongly influenced by 
the complex surface conditions, which feature high mountains, plains, 
and the Bohai sea from northwest to southeast, as well as large 

metropolitan areas in the national capital Beijing (Sun and Yang, 2008; 
Chen et al., 2012; Chen et al., 2016a; Li et al., 2017). Skillful forecasting 
of severe thunderstorms requires knowledge of the environmental con-
ditions that favor their occurrences. 

Parameter-based climatologies of the environments associated with 
severe thunderstorms have been extensively studied. For example, in the 
United States, Rasmussen and Blanchard (1998) discriminated between 
the environments of non-supercell thunderstorms, supercells without 
significant tornadoes, and supercells with significant tornadoes using 
more than 6000 soundings. Hurlbut and Cohen (2014) investigated the 
environments of severe thunderstorms across the Northeastern United 
States and focused on distinguishing between the more prolific severe- 
weather-producing thunderstorms and those that produced only 
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isolated severe weather. In Europe, Groenemeijer and van Delden 
(2007) studied the sounding-derived parameters associated with large 
hail and tornadoes in the Netherlands. Taszarek and Kolendowicz 
(2013) documented the climatology of sounding-derived parameters 
associated with tornadoes in Poland. Tuovinen et al. (2015) examined 
the environmental characteristics of significant hailstorms in Finland 
using observed soundings. Kahraman et al. (2017) documented the en-
vironments of tornado and severe hail days in Turkey from 1979 to 2013 
based on European Centre for Medium-Range Weather Forecasts 
(ECMWF) reanalysis data. 

Hail growth has long been recognized as being favored in environ-
ments with properly high convective available potential energy (CAPE), 
as the strong updrafts in these environments are able to facilitate the 
suspension and subsequent growth of hailstones in the growth region 
(Nelson, 1983; Ziegler et al., 1983; Foote, 1984; Conway and Zrnić, 
1993). The importance of vertical wind shear for hail formation has also 
been noted by a number of studies (Das, 1962; Berthet et al., 2013; 
Johnson and Sugden, 2014; Dennis and Kumjian, 2017). For example, 
Groenemeijer and van Delden (2007) found that the instability param-
eters and the 0–6 km vertical wind shear (SHR6) had considerable skill 
in distinguishing environments of large hail from those of non-hail- 
producing thunderstorms in the Netherlands. Púčik et al. (2015) 
showed that large hail typically occurred in high CAPE environments, 
with increased probability when conditions became more favorable for 
supercells (i.e., when CAPE and SHR6 increased). Taszarek et al. (2017) 
concluded that hail occurrence in Europe was generally greater with 
higher CAPE. For large hail, the SHR6 and boundary layer moisture were 
also important factors, apart from CAPE and steep temperature lapse 
rates. Li et al. (2018a) documented an eight-year climatology of hail 
events and their environments in China. Their results indicated that the 
hail diameter tended to increase with higher CAPE, larger SHR6, and 
higher precipitable water (PW). They further concluded that the envi-
ronments for the largest hail with diameters greater than 30 mm were 
characterized by a median PW of 33.4 mm, a median CAPE of 2192 J 
kg− 1, and a median SHR6 of 21.5 m s− 1. In addition, a number of studies 
have documented that large hail is associated with a higher lifting 
condensation level (LCL, Rasmussen and Blanchard, 1998; Groenemeijer 
and van Delden, 2007; Grams et al., 2012; Púčik et al., 2015; Taszarek 
et al., 2017). 

THWs can occur under a variety of CAPE and vertical wind shear 
environments (Evans and Doswell, 2001). While a great number of 
THWs are supported in high CAPE and strong vertical shear environ-
ments (Qin et al., 2006; Coniglio et al., 2010; Fan and Yu, 2013), many 
windstorms thrive in high shear, low CAPE environments (Evans and 
Doswell, 2001; Corfidi et al., 2006; Evans, 2010; Sherburn and Parker, 
2014; Púčik et al., 2015). Numerous studies have discriminated between 
the THW environments and other convective environments. For 
example, Kuchera and Parker (2006) found that ground-relative wind 
velocity was most effective at discriminating between damaging and 
nondamaging wind environments in the United States. Parameters such 
as CAPE, humidity aloft, and lapse rates aloft were moderately 
discriminating. Liao (2009) studied the environments associated with 
THW events in Beijing and classified the events into dry and moist 
categories. Most dry THWs occurred in low CAPE and moderate-to-high 
shear environments, whereas the majority of the moist THWs were 
associated with moderate-to-high conditional instability. They also 
found that the downdraft CAPE, wind speeds in the middle and lower 
troposphere, and the lapse rate below the LCL, were useful indicators for 
the impending THWs. Taszarek et al. (2017) found that the THWs in 
Europe were most common in high shear and marginal CAPE conditions. 
The 0–3 km wind shear (SHR3) was the best parameter in distinguishing 
between severe and extremely severe THWs. Ma et al. (2019) demon-
strated that thunderstorms producing extreme THWs in China were 
associated with drier middle troposphere, shallower low-level moist 
layer, significantly greater CAPE, and significantly higher SHR3 and 
SHR6 compared with ordinary thunderstorms. 

Although SDHR is not categorized as one of the severe convective 
hazards in the United States, it is in China due to its high occurrence 
frequency and close association with flooding hazards (Chen et al., 
2006; Jiang et al., 2014; Chen et al., 2016b; Zhang et al., 2018). The 
environments associated with SDHR have been widely studied in China 
and were found to differ markedly from those of hail and THWs (e.g., 
Hao et al., 2012; Tian et al., 2015; Chen et al., 2016b; Gao et al., 2018). 
For example, Fan and Yu (2013) concluded that the environments 
favorable to SDHR were characterized by lower mid-tropospheric lapse 
rates, higher dew-point temperature in the boundary layer, weaker 
vertical wind shear, and higher 0 ◦C, − 20 ◦C, and equilibrium levels 
compared with hail and THWs. Tian et al. (2015) found that the PW 
discriminated the best between the environments of no precipitation, 
ordinary precipitation, and SDHR. Among various instability parame-
ters, the best lifted index (LI) showed the greatest skill in distinguishing 
SDHR from the other two precipitation categories. The best CAPE and 
vertical wind shear were unable to discriminate between precipitation 
with different intensities. 

The results of previous studies indicated that, although some char-
acteristics were common to severe convection in different parts of the 
world, the magnitudes of the convective parameters varied from region 
to region, and the forecasting skill of these parameters for various 
weather types also exhibited regional differences. For example, it has 
been noted by a number of studies that the environmental CAPE in 
Europe is lower than that in the United States (Púčik et al., 2015; Tuo-
vinen et al., 2015; Kahraman et al., 2017). Also, the LCL height has been 
proved to be a very useful parameter in tornado forecasting in the United 
States (Brooks and Craven, 2002; Craven et al., 2002; Thompson et al., 
2003), but it shows limited skill in Europe where the LCL heights are 
generally lower (Groenemeijer and van Delden, 2007; Grünwald and 
Brooks, 2011; Taszarek and Kolendowicz, 2013; Taszarek et al., 2017). 
Further, the vertical wind shear associated with thunderstorms in China 
is generally lower than that in the United States (Meng et al., 2013; Fei 
et al., 2016). Therefore, it is important to study the local thunderstorm 
environments and determine which parameters show utility in 
discriminating between various weather phenomena in the region of 
interest. 

The primary goal of the present study is to document the environ-
mental conditions associated with different types of severe thunder-
storms over North China using a set of environmental parameters. For 
the sake of comparison, the environments associated with non-severe 
thunderstorms and no-rain days were also examined. Each weather 
category was further grouped into mountain and plain classes to 
compare the environments over different altitudes. The remainder of 
this paper is organized as follows. Section 2 introduces data and meth-
odology. Section 3 presents the results of single-parameter distributions 
associated with various categories through box-and-whisker plots. Sec-
tion 4 examines the probability distributions of various categories in 
combined two-parameter spaces. A summary is given in Section 5. 

2. Data and methodology 

In this study, the 3-h severe weather reports (SWRs), 1-h precipita-
tion observations, 1-h routine observations at surface weather stations, 
and the 0.25◦ × 0.25◦ 1-h ECMWF ERA5 reanalysis dataset (Copernicus 
Climate Change Service, 2017) during the warm seasons (May–Sep-
tember) of 2011–2018 over North China were used. The North China 
region was defined as the region covering 35◦–45◦N and 110◦–125◦E 
(Fig. 1). All observational data were obtained from the National Mete-
orological Center, China Meteorological Administration (CMA). Ac-
cording to the National Meteorological Center, severe convective 
weather refers to hail with diameters ≥ 5 mm, THWs with wind speeds 
≥ Beaufort scale 8 or 17.2 m s− 1, SDHR with hourly precipitation ≥20 
mm, and any tornado (Zheng et al., 2015). Tornadoes were not 
considered in this study. Therefore, thunderstorms that produced hail, 
THWs, or SDHR meeting the above criteria were deemed severe 
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thunderstorms in this study. 

2.1. The SWRs dataset 

The SWRs dataset were used to obtain hail and THWreports. The 
dataset had a time interval of 3 h, giving eight files per day. In each file, 
all severe weather that occurred in the 3-h period were recorded with 
station ID, location (longitude and latitude), time (hour and minute), 
weather phenomena, and other information. Severe weather—including 
thunder, high winds, hail, tornadoes, snow, glaze, and those that caused 
obstruction to vision—were recorded if they met the criteria of the CMA. 
The wind speed and direction were provided for a high wind report, and 
the maximum diameter was provided for a hail report. 

The high wind records in the SWRs included not only the con-
vectively generated winds, but also a variety of nonconvective winds 
such as those related to cold air and those that are caused by topography. 
Since we were interested only in those caused by deep moist convection, 
the method described in Yang et al. (2017) was used to select THWs from 
all high wind reports. According to the regulations of the CMA, a new 
report was required if the wind speed reinforced or a mistake was found 
in a previous report. Therefore, there might be multiple reports within 
one SWR file for the same wind event. When this was the case, the latest 
report was retained and the previous one(s) were removed. This was also 
implemented for hail reports. After applying all these filters, a total of 
467 and 365 stations in the SWRs dataset were retained, each of which 
had at least one occurrence of THWs and hail, respectively, during the 
study period and domain. It should be noted that underreporting of 
SWRs existed because these reports were based on point measurements, 
and those that did not occur at the observation stations were not re-
ported. Also, the SWRs were unavoidably influenced by the spatial 

inhomogeneity of the distribution of the stations. These problems are 
also present in the National Climatic Data Center’s Storm Events Data-
base, as have been noticed by a number of studies (Weiss and Bluestein, 
2002; Gallus et al., 2008; Smith et al., 2012). In addition, the SDHR 
reports were obtained from the hourly surface precipitation 
observations. 

2.2. Determination of different categories 

The number of stations that conduct precipitation observation is 
much more than that conduct hail and THWs observations in the study 
area. To avoid great disparity in the sample size of various categories, we 
used a total of 538 stations that had at least one occurrence of hail or 
THWs for the determination of various categories in this study (i.e., the 
union of the 365 hail stations and 467 THW stations, Fig. 1a). The severe 
thunderstorm category was classified into four classes according to the 
convective hazards: only hail (H), only THW (W), only SDHR (R), and 
two or three types of the above three hazards (hybrid). To compare the 
environments favorable to severe thunderstorms with those associated 
with non-severe thunderstorms and no-rain days, two other weather 
categories—i.e., non-severe thunderstorms and no-rain—were included, 
which gave a total of six weather categories. 

All hail, THW, and SDHR events were first retrieved using the dataset 
introduced above. Next, the four severe thunderstorm categories were 
determined based on the weather phenomenon in the 1-h window when 
the severe convective events occurred, owing to the fact that we 
assigned a severe convective event the most recent reanalysis sounding 
prior to the occurrence of the event (see the definition of proximity 
soundings in Section 2.3). For example, a hail report was recorded at a 
station at 1200–1300 Beijing Standard Time (BST, BST = UTC + 8 h). If 

Fig. 1. Spatial distributions of (a) the 538 stations used for the determination of various categories in this study and the occurrence frequency of (b) hail, (c) THWs, 
and (d) SDHR during the study period based on the 538 stations. Red circles (plus signs) in (a) represent stations that have at least one occurrence of hail (THWs) 
during the study period. Gray shadings in all panels represent topography. 
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no other severe convective events (i.e., SDHR or THWs) were recorded at 
this station during this hour, then the sounding at 1200 BST in proximity 
to this station was deemed representative of the hail environments and 
was therefore labeled as an H sounding. If a THW report was recorded 
during 1200–1300 BST at this station, then the proximity sounding at 
1200 BST was considered a hybrid one. A non-severe thunderstorm 
sample was determined when a thunder report was not accompanied by 
any of the severe convective weather (i.e., hail, THWs, and SDHR) in the 
SWRs dataset. To avoid the concurrence of severe and non-severe 
thunderstorms on the same day, non-severe thunderstorm samples 
were not included in the dataset if severe thunderstorms were observed 
over North China on that day. A no-rain sample was defined for a station 
if the 24-h precipitation was zero for all stations in a 4◦ × 4◦ region 
centered at this station. 

To avoid oversampling of the similar environments, all samples in 
the same weather category were required to be 6 h or 250 km away from 
each other in this study, as was done in Johnson and Sugden (2014). 
Similar but less stringent conditions were used in Thompson et al. 
(2003) and Reames (2017). Our study used more strict conditions to 
reduce the influence of duplicate samples on the statistical results as 
much as possible. The spatial distributions of the occurrence frequency 
of SDHR, hail, and THWs suggest that great variations exist regarding 
the frequency of these events between the mountainous and plain areas 
of North China (Fig. 1b–c). For example, the highest frequency for SDHR 
was found over the plains, whereas those for hail and THWs were 
observed over the mountains. In addition, previous studies have high-
lighted the differences in environmental conditions over the mountains 
and plains (Xiao et al., 2017; Yang and Sun, 2018). Therefore, each of 
the six weather categories in the present study was further divided into 
two groups—mountain and plain—to facilitate comparisons between 
the environments over different altitudes. A sample was labeled 
mountain (plain) if the station altitude was ≥ (<) 500 m. 

2.3. Construction of proximity soundings 

Due to their higher horizontal and temporal resolutions, reanalysis 
soundings have been used for climatological storm environment studies 
by a growing number of studies (Brooks et al., 2003, 2007; Markowski 
et al., 2003; Thompson et al., 2003, 2007; Allen and Karoly, 2014). 
However, some studies have highlighted the differences in the boundary 
layer variables between reanalysis and observed soundings and the ne-
cessity of correcting the boundary layer variables of the reanalysis 
soundings (Wang et al., 2012; Gensini et al., 2014; King and Kennedy, 
2019). Therefore, the present study used a two-step procedure to create 
proximity soundings for all samples, which included creating reanalysis 
soundings using the ERA5 reanalysis dataset and correcting the low 
levels of the reanalysis soundings using 1-h surface observations. 

Before the construction of proximity soundings, the spatial and 
temporal information of the ERA5 and surface observations have to be 
determined. In the present study, the time of both the reanalysis data 
and surface observations was determined as the closest hour prior to the 
sample for all weather categories except no-rain. In Schneider and Dean 
(2008) and Dean et al. (2009), severe weather reports were also mapped 
back to the most recent analysis prior to their occurrences. For no-rain 
samples, the time was set uniformly to 1400 BST to represent the en-
vironments with approximately the highest CAPE during the day. In the 
spatial sense, the reanalysis grid and the surface station were deter-
mined in different manners for the no-rain category and the rest of the 
categories. For no-rain samples, it was quite straightforward: the ERA5 
grid closest to the sample station and the surface observations at this 
station were chosen. For samples associated with thunderstorms (i.e., all 
categories except for no-rain), we first determined an uncontaminated 
surface station closest to the sample. To do this, we started by identi-
fying all surface stations in a 1◦ × 1◦ box centered at the sample location 
whose precipitation amounts were zero in the preceding two hours (e.g., 
the precipitation during 1000–1200 BST needed to be zero for a 1230 

BST sample). This was done by using the 1-h surface precipitation ob-
servations. Then, the nearest surface station to the sample location 
among all qualified stations was selected as the uncontaminated station. 
If no uncontaminated station was found for a sample, the sample was 
discarded. Second, the ERA5 grid closest to the uncontaminated station 
and the observations at the uncontaminated station were used to 
construct the proximity sounding for this sample. 

The construction of the proximity soundings was as follows: first, a 
total of 32 isobaric layers (i.e., all layers from 1000 hPa to 10 hPa) of 
pressure, altitude, temperature, dew-point temperature, and horizontal 
wind at the identified ERA5 grid and time were subtracted. Next, ob-
servations at the identified surface station were used to correct the lower 
levels of ERA5 sounding (Johnson and Bresch, 1991; Pan et al., 2008; Fei 
et al., 2016; Yang and Sun, 2018). Specifically, if the interpolated sur-
face temperature rising along the dry adiabatic line intersected with the 
temperature profile of the ERA5 sounding, the ERA5 temperature profile 
below the crossing layer was replaced with the dry adiabatic line rising 
from the surface temperature. If no intersection was found, then the 
surface data was deemed the lowest layer of the proximity sounding. 

2.4. Computation of environmental parameters 

After the proximity soundings were constructed, a variety of ther-
modynamic and wind shear parameters were calculated. These param-
eters were chosen based on the consideration of the key ingredients for 
severe thunderstorms: boundary layer moisture, conditional instability, 
a lifting mechanism that initiates convection, and vertical wind shear 
(Weisman and Klemp, 1982; Johns and Doswell, 1992). For the sake of 
brevity, a total of eight parameters were presented in the paper 
(Table 1): surface-based CAPE (SBCAPE), most unstable CAPE 
(MUCAPE), LI, SHR3, SHR6, LCL, PW, and pseudo-equivalent potential 
temperature at 500 hPa (thetase500). The virtual temperature correc-
tion was applied in the calculation of thermodynamic variables (Doswell 
and Rasmussen, 1994). The MUCAPE was calculated as the CAPE of the 
most buoyant parcel in the lowest 300 hPa (Doswell and Rasmussen, 
1994). The LI was calculated as the temperature difference at 500 hPa 
between the environment and an air parcel that was lifted adiabatically 
from the surface to that level. The SHR3 (SHR6) was calculated as the 
magnitude of the vector difference between the 10-m wind and the wind 
at 3 km (6 km) above ground level (AGL). The PW was calculated by 
integrating the specific humidity from surface to 300 hPa. 

A simple quality control was then performed for all severe and non- 
severe thunderstorm soundings based on the SBCAPE values. Specif-
ically, non-severe thunderstorm soundings were removed if no SBCAPE 
was present, and severe thunderstorm soundings were removed if the 
SBCAPE was less than 50 J kg− 1. This was done to eliminate possibly 
nonrepresentative soundings. Similar restrictions were frequently used 
in storm environment studies (e.g., Brooks et al., 1994; Rasmussen and 
Blanchard, 1998; Craven et al., 2002; Tuovinen et al., 2015; Kahraman 
et al., 2017). After all these steps, the final dataset consisted of 391H 
soundings, 442 W soundings, 1585 R soundings, 318 hybrid soundings, 
601 non-severe thunderstorm soundings, and 4188 no-rain soundings 
(Table 2). 

The environmental parameters derived from corrected ERA5 

Table 1 
Parameters computed from proximity soundings in this study.  

Parameter description Abbreviation Unit 

Surface-based convective available potential energy SBCAPE J kg− 1 

Most unstable convective available potential energy MUCAPE J kg− 1 

Lifted index LI ◦C 
0–3 km AGL bulk wind shear SHR3 m s− 1 

0–6 km AGL bulk wind shear SHR6 m s− 1 

Lifting condensation level LCL m AGL 
Precipitable water from the surface to 300 hPa PW mm 
Pseudo-equivalent potential temperature at 500 hPa thetase500 K  
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soundings were first evaluated against observational soundings (Ap-
pendix A). The results indicate that there is generally good agreement 
between the observational soundings and ERA5 soundings, which con-
firms the reliability of the results in the present study. Then, the box- 
and-whisker plots (Tukey, 1977) were applied to examine the single 
parameter distributions of various categories. As a rule of thumb, we 
considered two distributions significantly different when the upper or 
lower quartile of one box plot and the median of another showed no 
overlap (Tukey, 1977; Krzywinski and Altman, 2014; Reames, 2017). In 
addition, the probability distributions of various categories in paired 
parameter spaces were analyzed to determine the environments under 
which a certain type of weather was most likely to occur. All plots in the 
present study were generated using the Interactive Data Language (IDL) 
software (https://www.l3harrisgeospatial.com/Software-Technology/ 
IDL). 

3. Single parameter distributions 

3.1. Instability 

The instability parameters (SBCAPE, MUCAPE, and LI) are good 
discriminators between the environments supportive of severe thun-
derstorms (i.e., H, W, R, and hybrid), non-severe thunderstorms, and no- 
rain over both mountains and plains, except the fact that the SBCAPE 
and LI do not discriminate between non-severe thunderstorm and R 
environments over the plains (Figs. 2–4). This verifies the notion of at-
mospheric instability being one of the key ingredients for convective 
activity (Johns and Doswell, 1992). It is also suggested that the MUCAPE 
has better skill in discriminating between these categories than the 
SBCAPE, as the separation between these categories in the MUCAPE 
distribution is larger. It should be noted that, although the instability 
associated with the no-rain category is generally weak, a small propor-
tion of the no-rain soundings have moderate-to-large CAPE values and 
large negative LI values, especially over the plains. This implies a po-
tential false alarm issue in operational forecasting. The discriminating 
skill of the instability parameters between four severe thunderstorm 
categories is rather limited: the SBCAPE and MUCAPE do not discrimi-
nate between various severe thunderstorm categories, and the LI only 
discriminates between R and hybrid thunderstorms over the mountains 

and plains and between H and R thunderstorms over the plains. 
Nevertheless, it is observed that the instabilities associated with the 
hybrid category are larger than those associated with the remaining 
three severe thunderstorm categories over both mountains and plains 
(except that the SBCAPE of the hybrid category is slightly lower than 
that of the H category over the plains), which indicates that the occur-
rence of two or more types of severe convective weather generally re-
quires on average larger instability compared with when only one type 
of severe convective weather occurs. Among the H, W, and R categories, 
the greatest instabilities are observed in the H category, over both 
mountains and plains, indicating stronger instability associated with 
hail compared with THWs and SDHR. The fact that hail occurs in en-
vironments with higher CAPE than THWs was also reported in the 
Northeast United States (Hurlbut and Cohen, 2014) and Europe (Kal-
tenböck et al., 2009; Púčik et al., 2015; Taszarek et al., 2017). 

Comparison between the distributions of mountain and plain groups 
demonstrates that all weather categories have stronger instabilities over 
the plains than over the mountains, with the exception of the SBCAPE 
for the hybrid category. The CAPE values for hail, THWs, and non-severe 
thunderstorms over North China are lower than those over the United 
States (SBCAPE for THWs, Klimowski et al., 2003; MUCAPE for hail, 
THWs, and non-severe thunderstorms, Kuchera and Parker, 2006; 
MUCAPE for hail, Johnson and Sugden, 2014), but higher than those in 
Europe (MUCAPE for hail and non-severe thunderstorms in the 
Netherlands, Groenemeijer and van Delden, 2007; MUCAPE for THWs in 
Finland, Punkka and Bister, 2015; MUCAPE for hail in Finland, Tuovi-
nen et al., 2015; SBCAPE for hail in Turkey, Kahraman et al., 2017). It 
was also noted in Li et al. (2018a) that the CAPE associated with hail 
events in the European countries was generally smaller than in both the 
United States and China. 

3.2. Vertical wind shear 

Figs. 5 and 6 indicate that both the low-level and deep-layer shear 
have very limited skill in discriminating between various weather cat-
egories over North China. For SHR3, significant differences are only 
observed between H and no-rain categories and between H and R cat-
egories, over the mountains and plains. The SHR6 only distinguishes H 
from two other severe thunderstorm categories (i.e., W and R) over the 
plains, which indicates that hail occurrence over the plains requires 
significantly higher deep-layer shear than THWs and SDHR. Consider-
able overlap of the interquartile ranges is observed between the vertical 
wind shear distributions of the remaining categories. All categories save 
the R and no-rain have higher median vertical wind shear values over 
the plains than over the mountains. The deep-layer shear associated with 
hail and THWs over North China is notably lower than that over the 
United States (for THWs, Klimowski et al., 2003; for hail and THWs, 

Table 2 
Numbers of proximity soundings for various categories.   

H W R Hybrid Non-severe 
thunderstorms 

No- 
rain 

Mountain 255 263 420 139 357 1921 
Plain 136 179 1165 179 244 2267 
Total 391 442 1585 318 601 4188  

Fig. 2. Box-and-whisker plots of the SBCAPE (J kg− 1) associated with the six weather categories over the mountains (blue) and plains (red). The boxes denote the 
interquartile ranges. The horizontal lines inside the boxes denote the median values. The whiskers extend to the 5th and 95th percentiles. 
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Kuchera and Parker, 2006; for hail, Johnson and Sugden, 2014), and the 
deep-layer shear for hail (THWs) over North China is comparable to (less 
than) that over Europe (for hail, Groenemeijer and van Delden, 2007; for 
hail and THWs, Púčik et al., 2015; for hail, Kahraman et al., 2017; for 
THWs, Taszarek et al., 2017). In addition, the deep-layer shear for non- 
severe thunderstorms over North China is larger than that over the 
United States (Rasmussen and Blanchard, 1998; Craven et al., 2002), 
and is comparable to that in the Netherlands (Groenemeijer and van 
Delden, 2007). 

3.3. Moisture 

The LCL heights of the no-rain category are significantly higher than 
those of the severe and non-severe thunderstorms (Fig. 7), and the LCL 
heights of the R are significantly lower than those of the remaining 
categories, over the mountains and plains. The LCL does not discrimi-
nate between H, W, and hybrid thunderstorms. It was also concluded in 
Brooks and Craven (2002) that LCL did not distinguish THWs environ-
ments from hail environments in the United States. Nevertheless, the 
LCL heights of the W are higher than those of the H over the mountains, 

Fig. 3. As in Fig. 2, but for MUCAPE (J kg− 1).  

Fig. 4. As in Fig. 2, but for LI (◦C).  

Fig. 5. As in Fig. 2, but for SHR3 (m s− 1).  
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whereas the contrary is true over the plains. This may be explained by 
the surface relative humidity associated with these two categories. An 
examination of the 2-m dew-point depression suggests that the surface is 
drier for W soundings over the mountains (the medians for H and W are 
11.0 K and 12.0 K, respectively) and for H soundings over the plains (the 
medians for H and W are 9.0 K and 8.0 K, respectively). Over the United 
States (Kuchera and Parker, 2006) and central Europe (Púčik et al., 
2015), it was found that hail was associated with higher LCL than THWs, 
which resembled the result over the North China plain. The LCL heights 
for all categories are lower over the plains than over the mountains, with 
the differences of all categories except H and hybrid being statistically 
significant. 

As with the instability parameters, the PW shows considerable skill 
in discriminating between severe thunderstorm, non-severe 

thunderstorm, and no-rain environments over both mountains and 
plains, except that the distributions of H and non-severe thunderstorms 
show minor overlap (Fig. 8). For mountain samples, 75% of the no-rain 
soundings have PW less than 15.4 mm, whereas less than 5% (25%) of 
the W (H) soundings are associated with these values, and a negligible 
fraction of the R and hybrid soundings are associated with these values. 
Therefore, a threshold of approximately 15 mm for PW can be used to 
discriminate between severe thunderstorms and no-rain days over the 
mountains. Likewise, a PW threshold of 25 mm can be used for such 
discrimination over the plains. The PW discriminates well between the R 
and two other severe thunderstorm categories (i.e., H and W), as well as 
between hybrid and H categories, over both mountains and plains. Over 
the plains, the PW also shows skill in discriminating between R and 
hybrid environments, as well as between H and W environments. These 

Fig. 6. As in Fig. 2, but for SHR6 (m s− 1).  

Fig. 7. As in Fig. 2, but for LCL (m AGL).  

Fig. 8. As in Fig. 2, but for PW (mm).  
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results indicate that abundant moisture in the troposphere is crucial for 
the occurrence of SDHR. Despite not being statistically significant, the 
PW values for W are larger than those for H over the mountains. The PW 
values for all categories over the plains are significantly larger than 
those over the mountains, indicating more abundant water vapor over 
the plains. The PW values for THWs over North China are larger than 
those over the northern High Plains of the United States (Klimowski 
et al., 2003). 

3.4. Mid-tropospheric environment 

The thetase500 is used to represent the temperature and humidity 
conditions in the middle troposphere. The results indicate that the the-
tase500 is skillful in distinguishing no-rain environments from all severe 
thunderstorm environments over both mountains and plains, except that 
it does not discriminate between no-rain and H environments over the 
plains (Fig. 9). The thetase500 also discriminates between non-severe 
thunderstorms and all severe thunderstorm categories except H, over 
both mountains and plains. The thetase500 does not discriminate be-
tween non-severe thunderstorm and no-rain environments. One impor-
tant finding about the thetase500 is that it discriminates between H and 
W environments over both mountains and plains, while no other pa-
rameters investigated in this study show such discriminatory skill (the 
PW only discriminates between these two categories over the plains). 
Indeed, previous studies (Fan and Yu, 2013; Gao et al., 2018) have 
shown that, although the distinction between SDHR environments and 
hail/THW environments can be achieved by some parameters, 
discrimination between H and W environments is difficult. Comparison 
of the thetase500 distributions between the mountains and plains shows 
that all categories except for R and no-rain have higher median the-
tase500 values over the mountains than over the plains. 

4. Paired parameter distributions 

The forecasting skill of individual parameters is often limited and 
better skill could be achieved through combinations of parameters 
(Davies and Johns, 1993; Johns et al., 1993). The combination of CAPE 
and SHR6 is frequently used in relevant studies (Brooks et al., 2003; 
Dean et al., 2009; Púčik et al., 2015; Taszarek et al., 2017) and is also 
inspected in this study. Since the PW shows the greatest skill in 
discriminating between various categories on the whole, and the the-
tase500 is the only parameter that discriminates between H and W 
soundings over both mountains and plains, we also examined the 
probability of occurrence frequency associated with various categories 
in the PW–thetase500 space. The parameter values associated with the 
maximum probability of occurrence in these paired parameter spaces 
are given in Table 3. 

4.1. MUCAPE–SHR6 space 

A shift of the high occurrence probability toward larger MUCAPE 
values in the MUCAPE–SHR6 space is evident from the no-rain to the 
non-severe thunderstorm and to the severe thunderstorm category, over 
both mountains and plains (Fig. 10). The no-rain soundings are mostly 
likely to be associated with small MUCAPE values (< 200 J kg− 1) over 
both mountains and plains. However, large MUCAPE values do appear 
in the no-rain category, especially over the plains, as noted earlier 
(Figs. 2 and 3). 

Fig. 9. As in Fig. 2, but for thetase500 (K).  

Table 3 
Parameter values associated with the box(s) with the maximum probability in 
the MUCAPE–SHR6 space (Fig. 10) and PW–thetase500 space (Fig. 11).    

MUCAPE–SHR6 PW–thetase500 

H Mountain [~1300 J kg− 1, ~17.5 
m s− 1] 

[~21 mm, ~324 
K] 

Plain [~1500 J kg− 1, ~20.5 
m s− 1] 
[~1700 J kg− 1, ~16.5 
m s− 1] 

[~31 mm, ~322 
K] 

W Mountain [~900 J kg− 1, ~11.5 m 
s− 1] 
[~500 J kg− 1, ~14.5 m 
s− 1] 
[~1100 J kg− 1, ~15.5 
m s− 1] 

[~26 mm, ~328 
K] 

Plain [~1500 J kg− 1, ~11.5 
m s− 1] 

[~31 mm, ~322 
K] 

R Mountain [~900 J kg− 1, ~11.5 m 
s− 1] 

[~26 mm, ~327 
K] 
[~32 mm, ~331 
K] 
[~37 mm, ~336 
K] 

Plain [~1700 J kg− 1, ~9.5 m 
s− 1] 

[~43 mm, ~330 
K] 

Hybrid Mountain [~2700 J kg− 1, ~17.5 
m s− 1] 

[~27 mm, ~326 
K] 

Plain [~900 J kg− 1, ~19.5 m 
s− 1] 
[~1700 J kg− 1, ~9.5 m 
s− 1] 
[~1800 J kg− 1, ~19.5 
m s− 1] 
[~2900 J kg− 1, ~12.5 
m s− 1] 

[~35 mm, ~326 
K] 

Non-severe 
thunderstorm 

Mountain [~500 J kg− 1, ~12.5 m 
s− 1] 

[~23 mm, ~326 
K] 

Plain [~100 J kg− 1, ~21.5 m 
s− 1] 

[~33 mm, ~322 
K] 

No-rain Mountain [~100 J kg− 1, ~10.5 m 
s− 1] 

[~9 mm, ~318 K] 

Plain [~100 J kg− 1, ~9.5 m 
s− 1] 

[~11 mm, ~316 
K]  
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Fig. 10. Probability distributions of the occurrence frequency of (a, b) H, (c, d) W, (e, f) R, (g, h) hybrid, (i, j) non-severe thunderstorm, and (k,l) no-rain categories 
over mountains (left) and plains (right) in the MUCAPE–SHR6 space. Note that the color bar scale for the no-rain category (k, l) differs from the others (a–j). 
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Over the mountains, the majority of the H and W soundings are 
located in the similar MUCAPE regime (i.e., 400–2800 J kg− 1), but the 
MUCAPE associated with the maximum probability of H (~1300 J kg− 1) 
is larger than that of W (400–1200 J kg− 1). As for SHR6, 64% of the H 
soundings are observed in moderate and high deep-layer shear envi-
ronments (i.e., SHR6 > 12 m s− 1; Johns and Doswell, 1992) with the 
maximum probability appearing at 17.5 m s− 1, whereas a smaller frac-
tion (52%) of the W soundings are associated with modetate-to-high 
deep-layer shear environments. The occurrence frequency of W is 
maximized in three MUCAPE–SHR6 regimes: low MUCAPE (~900 J 
kg− 1) and weak SHR6 (~11.5 m s− 1), low MUCAPE (~500 J kg− 1) and 
moderate SHR6 (~14.5 m s− 1), and moderate MUCAPE (~1100 J kg− 1) 
and moderate SHR6 (~15.5 m s− 1). These results indicate that H is more 
frequently associated with larger instability and higher deep-layer shear 
compared with W. The distribution of R is concentrated in a regime of 
200–1800 J kg− 1 MUCAPE and 5–17 m s− 1 SHR6 with the maximum 
probability appearing at MUCAPE of ~900 J kg− 1 and SHR6 of ~11.5 m 
s− 1. The lower SHR6 of R compared with H and W suggests that the 
occurrence of R depends less on the deep-layer shear than H and W. The 
distribution of the hybrid category shows more dependence on the 
instability, as the majority of the samples are located in the moderate 
and high MUCAPE regime while spanning a wide range of SHR6 values. 
The maximum probability is observed in a remarkably higher MUCAPE 
(~2700 J kg− 1, which is more than twice of that for H) and a larger 
SHR6 (~17.5 m s− 1, which is comparable to that of H) regime, compared 
with H, W, and R. This indicates that the severe thunderstorms pro-
ducing hybrid severe convective weather over the mountains are most 
likely to occur in environments with the highest instability and the 
strongest deep-layer shear. 

Over the plains, H tends to occur in moderate-to-high MUCAPE en-
vironments (only a small fraction of the H soundings are observed in the 
<1000 J kg− 1 MUCAPE space), which confirms that modest MUCAPE is 
necessary for the occurrence of H over the plains. Note that while some 
of the H soundings are observed in the low SHR6 regime (i.e., around 10 
m s− 1), a great number of the soundings are concentrated in the 
moderate-to-high SHR6 regime (i.e., 16–28 m s− 1). The highest proba-
bility of H is observed in a regime of 1400–1800 J kg− 1 MUCAPE and 
16–21 m s− 1 SHR6. The majority of the W soundings are located in a 
similar MUCAPE but notably lower SHR6 regime compared with H. The 
maximum probability of W is found in a moderate MUCAPE (~1500 J 
kg− 1) and marginally moderate deep-layer shear (~11.5 m s− 1) envi-
ronment. The distribution of the R category is characterized by more 
occurrences in the small MUCAPE regime (< 1000 J kg− 1) compared 
with other severe thunderstorm categories, with the maximum proba-
bility locating in MUCAPE of ~1700 J kg− 1 and SHR6 of ~9.5 m s− 1. 
The highest probability of the hybrid category is rather dispersedly 
distributed, spanning from low (~900 J kg− 1) to high (~2900 J kg− 1) 
MUCAPE and from weak (~9.5 m s− 1) to strong (~21.5 m s− 1) SHR6. 

4.2. PW–thetase500 space 

Fig. 11 shows that the distributions of the no-rain category in the 
PW–thetase500 space differ significantly from those of the severe 
thunderstorm categories over both mountains and plains, as large 
probabilities of the no-rain category are confined in the PW < 20 mm 
and thetase500 < 325 K space, while those of the severe thunderstorms 
are basically located in the remaining regime. In a similar way, but with 
smaller degrees of separation in the parameter space, the distributions of 
non-severe thunderstorms also differ from those of severe 
thunderstorms. 

Over the mountains, many of the H soundings are concentrated in a 
regime of 18–32 mm PW and 321–331 K thetase500, with the maximum 
appearing at PW of ~21 mm and thetase500 of ~324 K. For W, the 
probability distribution extends toward space with larger PW and larger 
thetase500 values compared with H, especially in the thetase500 
dimension. This indicates that hail tends to occur in environments with 

drier and cooler mid-troposphere compared with THWs. A shift toward 
larger PW values is found in the distribution of R when compared with 
those of W and H. While a number of H and W soundings (particularly H) 
are found in the <20 mm PW space, negligible R soundings are observed 
in such environments. The distribution of the hybrid category is densely 
clustered in a regime of 26–34 mm PW and 323–333 K thetase500. 
Similar to R, hybrid-type severe thunderstorms rarely occur in envi-
ronments with PW < 20 mm. Over the plains, R is most commonly 
favored in environments with the highest PW (38–54 mm) and the 
highest thetase500 (325–335 K) among four types of severe thunder-
storm categories, followed by hybrid (PW of 34–46 mm and thetase500 
of 323–333 K) and W (PW of 30–44 mm and thetase500 of 321–333 K). 
H is concentrated in a regime with the lowest PW (24–34 mm) and the 
lowest thetase500 (315–325 K) among all severe thunderstorm 
categories. 

Comparisons of the mountain and plain groups reveal that the dis-
tributions of all six weather categories displaced markedly toward 
higher PW values during the progression from mountain to plain. The H 
and W categories are also more likely to occur in higher thetase500 
environments over the mountains than over the plains, whereas the 
distributions of the remaining categories show little displacement in the 
thetase500 dimension from mountain to plain. 

5. Summary and conclusions 

Using proximity soundings taken during the warm seasons of 
2011–2018 over North China, this work analyzed the environments 
associated with severe thunderstorms, non-severe thunderstorms and 
no-rain days. The severe thunderstorm category was further broken 
down into four classes based on the convective hazards: H, W, R, and 
hybrid. In total, 391H soundings, 442 W soundings, 1585 R soundings, 
318 hybrid soundings, 601 non-severe thunderstorm soundings, and 
4188 no-rain soundings were obtained. Soundings in each weather 
category were further classified into mountain and plain groups to 
facilitate comparisons of the environmental conditions at different al-
titudes. A set of parameters was evaluated for their skill in discrimi-
nating various weather categories over both mountains and plains. 

Generally, stronger instability, more abundant moisture, and higher 
vertical wind shear are present over the plains than over the mountains, 
although only the differences associated with PW are significant for all 
weather categories. Over both mountains and plains, the instability 
parameters (SBCAPE, MUCAPE, and LI) are good discriminators be-
tween the environments supportive of severe thunderstorms (i.e., H, W, 
R, and hybrid), non-severe thunderstorms, and no-rain, but are rather 
limited in discriminating between the environments associated with 
four types of severe thunderstorms; the vertical wind shear parameters 
show very limited skill in discriminating between various weather cat-
egories; the LCL is useful in distinguishing no-rain and R environments 
from those of other categories; the PW shows the greatest skill for the 
discrimination of various weather categories; and the thetase500 is the 
only parameter investigated in this study that discriminates between H 
and W environments. The discrimination skill of these parameters over 
mountains and plains are generally the same, although disagreements do 
exist. For example, the PW does not distinguish R from hybrid severe 
thunderstorms over the mountains whereas it does over the plains. 

Probability distributions in the MUCAPE–SHR6 space show that a 
shift of the high probability region toward larger MUCAPE values in the 
MUCAPE–SHR6 space is evident from the no-rain to the non-severe 
thunderstorm and to the severe thunderstorm category, over both 
mountains and plains. Over the mountains, the occurrence probability of 
the hybrid category is maximized in environments with the largest 
MUCAPE and the highest SHR6 among all severe thunderstorms; H is 
most likely to occur in moderate MUCAPE and moderate SHR6 envi-
ronments, R is most likely to occur in marginally moderate MUCAPE and 
marginally moderate SHR6 environments, and the occurrence of W is 
favored in different MUCAPE–SHR6 environments. Over the plains, the 
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Fig. 11. As in Fig. 10, but for the distributions in the PW–thetase500 space. The color bars are the same for all panels.  
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majority of the H, W, and hybrid thunderstorms occur in moderate and 
high MUCAPE environments; the H occurrence shows great dependence 
on large deep-layer shear, while W and R probilities are maximized in 
marginally moderate and weak deep-layer shear environments, respec-
tively; the hybrid category are frequently favored in both weak and 
moderate SHR6 environments. Probability distributions in the 
PW–thetase500 space show that there is considerable separation be-
tween the distributions of severe thunderstorms and those of no-rain and 
those of non-severe thunderstorms. Over both mountains and plains, 
high probabilities of R is displaced toward higher PW and thetase500 
space compared with the remaining three severe thunderstorm cate-
gories, especially over the plains; H tends to occur in environments with 
the lowest PW and thetase500 among different types of severe 
thunderstorms. 

It is without doubt that further studies are needed to gain deeper 
insight into the severe thunderstorm environments over this region. For 
example, the high-shear and low-CAPE environments present a unique 
challenge in operations and more research on the convection charac-
teristics in these environments is needed. In addition, composite pa-
rameters with enhanced forecasting ability need to be developed based 
on the skill of individual parameters, which can better guide the severe 
thunderstorm forecasting in this region. 
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