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To investigate further the characteristics of thunderstorms on the

Qinghai–Tibet plateau, a plateau vortex (PV) thunderstorm and a local

thermoconvective (TC) thunderstorm over the Nagqu area are analyzed

using cloud-radar, microwave-radiometer, and raindrop-spectrometer data,

and their macrophysical and microphysical evolution characteristics are

discussed in terms of thermodynamic processes, microphysical processes,

and lightning activities. The results show the following. 1) The cloud layer

was deeper in the PV thunderstorm, but the TC thunderstorm had a

stronger short-time updraft with a radial velocity exceeding 10 m/s, and the

warming from the strong updraft action and latent heat release from the

hydromorphic phase change was about twice that of the PV thunderstorm.

2) The water vapor density increased significantly when the thunderstorm cloud

passed, and the liquid water content in the middle and lower layers exceeded

4 g/m3. The maximum ice water content in the TC thunderstorm was twice

bigger than that in the PV thunderstorm. The trends of raindrop number

concentration and rain intensity of the PV thunderstorm were similar, and

the average particle size of raindrops was smaller than that of the TC

thunderstorm. 3) Both types of thunderstorms accounted for more than

90% of negative cloud-to-ground (CG) lightning, and the regions with

black-body temperature (TBB) less than −40 °C and a larger TBB gradient

were more favorable for the occurrence of CG lightning. 4) Thermodynamic

fields bring water vapor and lift for microphysical processes, and microphysical

changes release latent heat to enhance the dynamic effects, which together

promote the development of lightning activities. The peak radial velocity and

ice-phase particle concentration were more than 10min ahead of the active

peak of the CG lightning. This study reveals the macrophysical and

microphysical evolution characteristics of different types of thunderstorms

and provides a certain scientific basis for disaster prevention and mitigation

regarding thunderstorms over the Nagqu area.
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Introduction

With an average elevation of more than 4,000 m, the

Qinghai–Tibet Plateau (QTP) is the highest in the world. It is

also the upstream source of many rivers in Asia and is known as the

“Water Tower of Asia” (Qiu 2008; Xu 2008; Immerzeel et al., 2010).

The unique topography and complex substratum of theQTP, as well

as the thermal and dynamic forcing thereon, lead to frequent

convective and lightning activities and reveal certain peculiarities

(Zhang et al., 2008; Gong et al., 2013; Xu, 2013). TheQTP is a region

known to yield some of the most vigorous deep convection with the

most active lightning activity on Earth (Christian et al., 2003; Liu and

Zipser 2005; Zipser et al., 2006; Liu et al., 2007). Studies have shown

that theNagqu region, which is located in the hinterland of theQTP,

has good conditions for triggering mesoscale cumulus convection,

and the frequency of both convection and precipitation in this

region make it of high value in the hinterland of the QTP (Tao and

Ding, 1981; Zhao et al., 2016, 2017). Also, some scholars have used

satellite-detected lightning data to show that the high occurrence of

lightning activities in the hinterland of the QTP is located in and

around Nagqu (Qie et al., 2003; Zheng et al., 2020).

The strong convective activities of thunderstorms are very

frequent in the QTP (Luo and Yanai, 1983, 1984; Yang et al.,

2004; Li et al., 2008; Chen et al., 2013), but the lightning density is

relatively low compared to that in eastern China at the same

latitude (Li et al., 2019). For the thermodynamic field of

thunderstorms in the QTP, the convective intensity there is

less than that in the lower altitudes of the Asian monsoon

region, and the convective system on the QTP has a higher

cloud base, shallower mixed layer, and smaller horizontal scale

(Wu et al., 2012). Also, compared to the surrounding areas,

precipitation systems in the highlands show more isolated

monoliths (Fu et al., 2006). Although the vertical macroscopic

features of convective clouds and stratus clouds show similar

characteristics, convective clouds are twice as intense as stratus

clouds in terms of precipitation intensity (Yan and Liu, 2019).

Luo et al. (2011) used CALIPSO satellite data to show that

convection on the QTP is shallower, less frequent, and

embedded in small-scale convective systems, but the cloud

tops are denser than in other regions. In contrast, the deep

convective system present on the QTP occurs more frequently,

although the convective intensity is also relatively low (Qie et al.,

2014). The microphysical processes of thunderstorm clouds also

play a corresponding role in the cloud initiation and discharge

processes. Strong updraft movement, abundant liquid water, and

ice phase particles are the necessary conditions for the occurrence

and development of lightning (Zhao et al., 2022a; 2022b).

Through a three-dimensional hail cloud model analysis, Guo

et al. (2004) found that the intensity of lightning activities is

strongly correlated with the convective available potential energy

(CAPE) and the mean relative humidity of the mesosphere. In

addition, particle inversion temperature and mid-level relative

humidity are crucial for the formation of different charge

structures in thunderstorm clouds (Qie et al., 2005). Studies

on the initiating discharge activities of thunderstorms in the QTP

have shown that the intensity of lightning discharges there is

weaker than in other regions, and the average lightning frequency

is only 1 flmin−1, which is significantly lower than in other

regions of China (Ma et al., 2021; Zhao et al., 2022c).

However, studies have also shown that thunderstorms on the

QTP have a high frequency of positive cloud-to-ground (CG)

lightning: Zhang et al. (2004) found that the ratio of positive to

negative CG lightning in the eastern part of the QTP was ca. 1:8,

and the positive CG lightning was all single strikes with greater

current intensity than that of the negative CG lightning; Zhao

et al. (2004) analyzed the summer thunderstorm over the Nagqu

area of the QTP and found that the proportion of positive CG

lightning was 33%.

However, although there are many important research

results on thunderstorms and strong convective weather over

the QTP, its complex topography and the relative lack of ground

observations mean that there are still many uncertainties in the

vertical structure distribution characteristics of temperature and

humidity parameters and the interactions among the three

processes of thermodynamic, microphysical, and lightning

activities during the development of thunderstorms over the

QTP. In particular, the activity characteristics of different types of

thunderstorms on the QTP need to be revealed further. Cloud

radar and microwave radiometers have high spatial and temporal

resolution and can better reflect the evolution characteristics of

ambient atmospheric temperature and humidity stratification

before the occurrence of thunderstorms; these can compensate

for the many limitations of sounding observations and are more

suitable for analyzing thunderstorm weather with short life

history and fast movement (Fu and Tan, 2017). Based on the

observation records of the 2019–2020 QTP summer science

study, a total of 27 thunderstorm processes were recorded

near the Nagqu station, which was mainly classified into three

categories according to the weather of occurrence: plateau vortex

type, shear line type and local thermoconvection type. Among

them, the local thermoconvection thunderstorms are the most

frequent, accounting for about 70%, followed by plateau vortex

type, accounting for 22%. There is a lack of research on

thunderstorms on the plateau based on the classification of

weather background. Herein, we combine ground-based and

satellite observation data to analyze from multiple perspectives

the differences in the characteristics of thunderstorms occurring

in two different weather backgrounds, to further reveal the

characteristics of different types of thunderstorms in the

plateau, providing a relevant scientific basis for early warning

of thunderstorms and disaster prevention and mitigation over

the Nagqu area. The main content of this article can be roughly

divided into five sections: study cases introduction, macroscopic

thermodynamic field analysis, microphysical processes, lightning

activities, and interaction of three processes (thermodynamic

processes, microphysical changes, and lightning activities).
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Instruments and data

Instruments

Most of the present ground-based observation data came

from the observation equipment erected in the Nagqu area

during the 2019 Qinghai–Tibet Plateau summer Integrated

Observation Experiment located at the Nagqu Meteorological

Bureau (31.48°N, 92.01°E, 4,507 m), including a Ka-band

millimeter-wave radar, a microwave radiometer, and a laser

raindrop spectrometer. Those data were supplemented by

ADTD Lightning Positioning System data and Himawari-8

satellite data (https://www.eorc.jaxa.jp/ptree/). The basic

information about the present observation parameters and

instrument resolutions is given in Table 1.

Data

In addition to the aforementioned observation data, the

present study also used other data to analyze the weather

system in the study cases, i.e., 1) ERA5 reanalysis data from

the European Centre for Medium-Range Weather Forecasts,

which have a temporal resolution of 1 h and a horizontal

resolution of 0.25°×0.25°, and 2) single-station sounding

data from the Nagqu meteorological station. Of these,

ERA5 has a higher temporal and spatial resolution compared

to its predecessor the ERA-I dataset (Hu and Mallorquí, 2019),

which allows the meteorological model to produce estimates that

are closer to the real atmospheric conditions.

The cloud radar data are quality controlled by the “K-domain

frequency count” method to filter out the interference clutter. In

other words, we set an M × N sliding window and divide the

radar data into P equidistant intervals with interval Δd; the center
point of the window is the judgment object, and its value is set as

Vij (i is the radial direction, j is the distance bank), and the

P+1 interval is Vij ± Δd×a, where a is the complementary

coefficient. The frequency counts (X1, X2 ... Xp) and X′ of all
points distributed in different intervals within the window are

counted, so that the maximum value is Xmax, and the middle

value of the interval corresponding to Xmax is taken as Vp. The

frequency counts and judgments for the echoes of the current

point and the surrounding points are made according to the

equation:

Vij
′ �

⎧⎪⎪⎪⎨⎪⎪⎪⎩
0, Vij ≠ 0, X′≤ k1
Vij, Vij ≠ 0, X′> k1
Vp, Vij ≈ 0, X max ≥ k2
Vij, Vij ≈ 0, X max < k2

, (1)

where V’ij is the new value of the center point of the window, and

k1 and k2 are the judgment thresholds for denoising and

complementary values, respectively. Here, Vij ≈ 0 means the

point is originally no echo point, and Vij ≠ 0 means the point is

originally echo point. When Vij ≠ 0, if there are more echoes

similar to it (X’ > k1), then the point is considered a valid echo

and kept; otherwise, it is noise (X’ ≤ k1) and filtered out. WhenVij

≈ 0, if the surrounding echoes appear in a certain interval with a

larger number of frequencies, then it is considered that there are

more valid echo points around (Xmax ≥ k2), and the point is a

missing measurement point, with Vp complementary value;

otherwise, it is not a missing measurement point (Xmax ≤ k2),

with no complementary value. The “K-domain frequency count”

method uses the continuity of the echo variation and has a clear

physical meaning, but the choice of parameters and thresholds is

very critical, and Table 2 gives the values of these parameters

when the data are denoised and complemented to obtain optimal

results (Zheng et al., 2016).

To prove the validity of the temperature and moisture

profiles, we calculated the correlation coefficients between

microwave radiometer data and sounding data according to

the equation:

Correlation coefficient � ∑n
i�1(xi − �x)(yi − �y)																						∑n

i�1(xi − �x)2∑n
i�1(yi − �y)2√ , (2)

where xi and yi are the values of the parameters obtained from

microwave radiometer and sounding observation data. July and

August are the months when the plateau is prone to strong

TABLE 1 Basic information about observation instruments.

Equipment name Observation site Observed parameters used
herein

Resolution and accuracy

Ka-band millimeter-
wave radar
MP3000A microwave
radiometer
Parsivel laser raindrop
spectrometer
Himawari-8 satellite
ADTD Lightning
Positioning System

Nagqu Meteorological Bureau
Nagqu Meteorological Bureau
Nagqu Meteorological Bureau
140°E orbit
There are six locator single stations in
Nagqu: Nagqu, Soxian, Amdo, Shenza,
Bangor, Jiali

Radar reflectivity, radial velocity, velocity spectral
width
Temperature, relative humidity, water vapor density,
liquid water density, total liquid water integral, total
water vapor integral
Precipitation intensity, albedo factor, minute rain
intensity
Brightness temperature data for channel 13
Time of occurrence, latitude and longitude position,
the polarity of lightning strike

30 m, 5 s
50–250 m, 2 min
1 min, 32 gears
0.5°×0.5°, 10 min
Single station detection range of 150 km, the
detection efficiency of 94%, positioning
accuracy of 500 m
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convection, and we have conducted scientific expeditions and

enhanced observations for these 2 months by using MWR in

2019.We used these data to compare with the sounding data. The

products of microwave radiometer inversion mainly include the

data on 58 fixed height layers in the vertical direction, while the

sounding data is the observation data on the specified isobaric

surface and specific layers two times a day(0000UTC and

1200 UTC). And the time of sounding release is 0000UTC

and 1200 UTC, and a process lasts generally 1 h, so the

microwave radiometer data is selected as the average of the

1 h observation data during 2330-0030UTC and 1130-

1230UTC, as the value of 0000UTC and 1200 UTC. To better

evaluate the products of microwave radiometer inversion and

consider the characteristics of both data, the temperature and

humidity data of sounding data are linearly interpolated in this

paper to obtain the results at the same height as the microwave

radiometer data (Kang et al., 2019). Figure 1 is the correlation

coefficient of temperature and humidity data between microwave

radiometer and sounding. The coefficients of RH-00 are beyond

the 99.9% confidence level in all height layers, the coefficients of

RH-12 are beyond the 99.9% confidence level below 9.5km, the

coefficients of T-00 are beyond the 99.9% confidence level below

5.5km, and the coefficients of T-12 are beyond the 99.9%

confidence level below 6.75 km. In general, it still shows a

good positive correlation, this paper focuses on the

temperature and humidity below 6km, and it can be

considered that the microwave radiometer data has validity in

the Nagqu area. In addition, we selected the microwave

radiometer data and sounding data for the two study cases for

comparison, the results are shown in Table 3. The microwave

radiometer data and sounding data showed a high correlation on

July 14 and July 16.

Microphysical parametric retrieval

To investigate the differences in microphysical parameter

changes in cloud water content and cloud particle radius between

the two processes, the cloud ice water content and particle

equivalent radius were inverted using the cloud radar

reflectivity factor according to the empirical relationships

proposed by Liu and Illingworth, 2000:

IWC � 0.097 Z0.59, (3)
Re � 59.8Z0.06 , (4)

where IWC [g/m3] is the ice water content within the cloud, Re

[μm] is the particle equivalent radius, and Z [dBZ] is the

reflectivity factor.

TABLE 2 Optimal values of parameters and thresholds for the “K-domain frequency count” method.

Data Window
Size
(M, N)

Number
of
intervals
(P)

Range of
interval

Interval
(Δd)

Complementary value
interval
coefficient (a)

Denoising
threshold (k1)

Denoising
threshold (k2)

Reflectance
factor
Radial velocity
Velocity
spectrum width

3, 3
3, 3
3, 3

10
11
9

−50–40 dBZ
−20–20 m/s
0–8 m/s

10 dBZ
4 m/s
1 m/s

1
1
1

3
3
3

3
3
3

FIGURE 1
The correlation coefficient of temperature and humidity data
between microwave radiometer and sounding.

TABLE 3 The correlation coefficient of temperature and humidity data
between microwave radiometer and sounding. (Coefficient
beyond the 99.9% confidence level are denoted by “*“.)

T RH

2019.7.14.0000UTC 0.9997* 0.9922*

2019.7.14.1200UTC 0.9994* 0.9375*

2019.7.16.0000UTC 0.9998* 0.9728*

2019.7.16.1200UTC 0.9997* 0.7941*

Frontiers in Earth Science frontiersin.org04

Yan et al. 10.3389/feart.2022.985846

https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org
https://doi.org/10.3389/feart.2022.985846


Results and discussion

Study cases

The summer convective activities in the Nagqu area are

very active, and thunderstorms and lightning activities are

frequent. The spatial and temporal distribution of CG

lightning in the Nagqu area during July and August from

2019 to 2020 is shown in Figure 2, lightning activities are

mainly concentrated in its southeast and almost low-

frequency lightning activities in its northwest, with large

differences in southeast-northwest trends. And it indicated

strong lightning activity from Auduo to Nagqu, with a

maximum CG lightning density of 1.36 fl km−2. The

TABLE 4 Characteristics of two types of thunderstorms.

PV thunderstorm TC thunderstorm

Duration 3.5 h 1 h

Cloud top height 10 km 8 km

Horizontal scale ~100 km in radius ~50 km in radius

CAPE (0,000 UTC sounding) 58.9 J/kg 0 J/kg

SHR6 (0,000 UTC sounding) 15.6 m/s 17 m/s

Hwet (0,000 UTC sounding) 3,799.7 m 3,403.9 m

FIGURE 2
(A) Total CG lightning density distribution (fl·km−2), (B) positive CG lightning density distribution (fl·km−2), and (C) the variation of 24-h daytime
CG lightning in Nagqu region during July and August from 2019 to 2020.
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negative CG lightning spatial distribution is generally

consistent with the total CG lightning, while it showed a

high positive CG lightning density in the area from Nagqu

to Suo. The variation of 24-h daytime CG lightning in the

Nagqu area is generally an inverted v-shaped trend, with the

peak occurring mainly between 0,700 and 1000 UTC, and the

valley occurring mainly between 2000 and 0200 UTC. The CG

lightning concentrated in 0,400-1700UTC, which accounted

for 96.03% of the total. And 2000 UTC is the time when the

most positive CG lightning occurred.

There is some variability among different types of

thunderstorms, and low vortex and thermal convection occur

frequently on the QTP and lead to thunderstorms. There are two

typical thunderstorms with the most CG lightning during the

observation period were selected, i.e., those on July 14 and 16.

The thunderstorm on July 14 was influenced by the plateau low

vortex (and hereinafter is referred to as the PV thunderstorm),

with strong convective development and a long thunderstorm

duration of 3.5 h. By contrast, the thunderstorm on July 16 was

caused by local thermoconvection (and hereinafter is referred to

as the TC thunderstorm), with a shorter duration and a longer

convective cloud top development, which was only maintained

for 1 h.

The upper troposphere (200 hPa) of the southern Tibetan

Plateau at both 0,700 UTC on 14 July 2019 and 0,500 UTC on

16 July 2019 was controlled mainly by the South Asian high

pressure, and the upper layers of the Nagqu area were in the

westerly rapid flow zone. Figure 3C shows that the lower layer of

the plateau (500 hPa) was controlled by warm and humid

southwest airflow at 0,700 UTC on July 14, and there was a

plateau low vortex in the Nagqu area. Figure 3D shows that the

northern part of the plateau was controlled by a plateau low

vortex on July 16, and the southwesterly airflow from the Bay of

Bengal on the southern side of the plateau is constantly

transporting water vapor to the north. The CAPE at

0,000 UTC on July 14 was relatively low at only 58.9 J/kg

(Table 4), while the CAPE value on July 16 was 0 J/kg, but

this is consistent with the study by Dawa et al., 2018 on the

environment of thunderstorms over Nagqu in the past years. The

CAPE values on thunderstorm days on the plateau are much

smaller than those on the plains, and the convection develops and

dissipates quickly, and the sounding CAPE values appear to be

FIGURE 3
200-hPa circulation situation at (A) 0700 UTC on July 14 and (B) 0500 UTC on July 16; 500-hPa circulation situation at (C) 0700 UTC on July
14 and (D) 0500 UTC on July 16.
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0 on most thunderstorm days at 0,800 h. On July 14 and 16, the

height of the wet layer (Hwet) was greater, and the vertical wind

shear between 0 and 6 km (SHR6) exceeded 15 m/s, which was

prone to strong convective activity. In the PV thunderstorm on

July 14, the cloud tops were higher and CG lightning was more

active; 373 negative CG lightning events and one positive CG

lightning event were recorded, and the area of CG lightning was

larger. In the TC thunderstorm on July 16, because of the shorter

maintenance time over the meteorological station, the area of

cloud mass was smaller and the cloud tops were lower; there was

also less CG lightning, with 64 CG lightning events occurring, all

of which were negative.

Macroscopic thermodynamic field
analysis

Thermodynamic fields are important in the initiation of

thunderstorms. Here, we describe the thermodynamic

processes of thunderstorms in terms of both radial velocity

and vertical temperature. Figure 4A shows the echo reflectivity

observed by cloud radar in Nagqu on 14 July 2019 at

0,736–1106 UTC; this convective process lasted for ca. 3.5 h

from development to end, and the cloud layer was deeper, the

cloud top height development reached up to 10 km, and the

maximum reflectivity factor reached above 25 dBZ. The strong

echoes were concentrated mainly in the 30 min before the

precipitation occurred (0826–0856UTC). Figure 4B shows that

the upper part of the cloud layer had positive radial velocity at

this stage, indicating that the cloud top was still developing

upward. After the precipitation occurred, the radial velocity

became negative, the mid-level velocity spectral width

increased to 1.2 m/s, and the echo reflectivity dropped rapidly

to below 5 dBZ. At 0936 UTC, the upper layer of the cloud began

to exhibit obvious updraft again, whereupon the radial velocity

reached a maximum of 4 m/s. Around 1000 UTC, the lower layer

of cloud exhibited large negative radial velocity, reaching −8 m/s

and corresponding to which the rain started to increase and the

downdraft became stronger.

Figure 4E shows the echo reflectivity of the cloud radar

observations in Nagqu at 0,506–0606 UTC on July 16. The

duration of this convective process was shorter than that of

July 14, and the whole process from development to extinction

lasted for less than an hour. The height of the cloud top is lower,

reaching amaximum of only 8 km, but the maximum value of the

echo reflectivity factor is larger, reaching 30 dBZ in the center of

the strong echo, and concentrated mainly in the 10 min from

0,530 to 0540 UTC. Figure 4F shows that at 0,520–0530 UTC, the

convective cloud system was developing vigorously, and the

cloud was dominated by strong updrafts below 6 km, with the

FIGURE 4
Cloud radar echo reflectivity, radial velocity, and velocity spectral width in PV thunderstorm (A,B,C) and in TC thunderstorm (E,F,G).
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maximum radial velocity reaching 10 m/s. Then, sinking airflow

began to appear in the lower part of the cloud body, and

precipitation began to occur, which was convective cloud

system precipitation at this time. Subsequently, the

precipitation began to turn into stratiform cloud precipitation

at around 0541 UTC. The precipitation cloud tops still had

upward developing airflow until after 0556 UTC, the cloud

top height dropped from 8 km to below 4 km, and the cloud

body began to dissipate.

Figure 5 shows that the convective activity within the cloud is

strong during the development of TC thunderstorms, a large

amount of water vapor is transported into the cloud, and the

liquid water content in the cloud increases rapidly. Under the

influence of updrafts, the water-forming particles in the cloud

grow rapidly through condensation under favorable liquid water

conditions, and the phase change leads to the release of a large

amount of latent heat; the release of latent heat of condensation

accompanied by strong precipitation leads to a significant

temperature rise. The PV thunderstorm has two warming

processes: the first warming corresponds to the beginning of

the peak of the rain intensity, which is dominated by the latent

heat of condensation released by the rain. The second warming is

not only from the latent heat of condensation of rainwater but

also from the latent heat of microphysical phase change processes

brought about by strong updrafts.

Microphysical processes

The macroscopic thermodynamic field could promote the

changing of microphysical processes. And microphysical

processes play a crucial role in lightning activity and are

the direct cause of lightning activity. Here, we describe the

characteristics of microphysical processes in terms of water

vapor content, liquid water content, ice water content, and

precipitation drop spectrum characteristics in thunderstorms.

High water vapor content and high liquid water content

provide the material conditions for the microphysical

activity of thunderstorm occurrence. As shown in Figure 6,

the water vapor density in each layer is in a slow-growth state

before the precipitation occurs, and the liquid water content is

maintained at a low level. The microphysics influences the

atmospheric warming (diabatic heating) and consequently,

the circulations through coupling between thermodynamics

and dynamics, and the strong vertical motions would

influence the microphysics through particle growth and

drop size distributions (Hazra et al., 2017; Thomas et al.,

2021). When the rain intensity reaches the first peak in the

first few minutes, the water vapor density suddenly increases,

which is shown as the water vapor content still being high with

the development of the cloud system to ca. 6 km in height.

Strong updrafts can carry the warm liquid drops above the

environmental 0°C level, there can be diabatic heating

generated in the lower troposphere from evaporative

cooling and diabatic warming aloft from freezing which can

enhance the convection and moisture transport (Mohan et al.,

2018). There is a low-value area of water vapor density at

1~2 km and a large value area of water vapor content at

2~5 km, and a large value layer of liquid water appears at

2~3 km. The total water vapor content changes slowly before

the occurrence of precipitation, and the liquid water content

starts to rise when precipitation occurs; with the enhancement

of precipitation, both the water vapor content and total liquid

water content increase significantly. The PV thunderstorm

cloud passed the observatory at around 0930 UTC, when the

water vapor density in the cloud grew further, corresponding

to the rapid growth of shrapnel particles and ice crystals in the

upper part of the cloud through the freezing and condensation

FIGURE 5
Time series of temperature distribution in (A) PV thunderstorm and (B) TC thunderstorm.
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process, leading to more shrapnel particles colliding with ice

crystals and the occurrence of charge transfer, which triggered

the initiation mechanism in the cloud and thus led to the

occurrence of lightning activity. Figure 6C shows the time

series of the vertical distribution of relative humidity, the

region of cloud height of 2–4 km has a high value of relative

humidity. The relative humidity increased above 4 km before

the rainfall. When the peak of rain intensity comes, the

relative humidity drops significantly at 4–5 km.

The rapid accumulation of water vapor between 0,533 and

0541 UTC can be seen more clearly in the TC thunderstorm

(Figure 6E), where the water vapor develops over 6 km in

height, and a high-value center of water vapor density appears

at 2–5 km, corresponding to the convective cloud system

precipitation process that occurs. The convective cloud

system precipitation process lasts for a short time, and then

the water vapor content drops briefly and then rises rapidly,

forming a water vapor belt within 2–4 km, and the

precipitation process changes to stratiform cloud

precipitation. Figure 6F shows that the convective cloud

system precipitation phase is more abundant than the

liquid water content in the lower layers of the stratiform

cloud precipitation phase, with an obvious high-value

center, reaching 9 g/m3, while the liquid water content in

the stratiform cloud precipitation phase is mostly

maintained at 3 g/m3. The thunderstorm clouds passed the

observatory at around 0530 UTC, and the region of cloud

height of 2–4 km also has a high value of relative humidity.

After the peak of rain intensity comes, the relative humidity

declines slightly in the 3–4 km.

To investigate further the differences in the microphysical

parameter changes of intracloud water content and intracloud

particle radius during the two processes, the intracloud ice water

content and particle equivalent radius were inverted based on

empirical relationships, and the results of the inversions are

shown in Figure 7.

During the July 14 PV thunderstorm, the ice water content

was generally lower than during the TC thunderstorm in the

2–4 km. At 0,836–0936 UTC, the strong updraft carried some of

the supercooled water to the middle and upper layer of the cloud,

which caused ice crystals to grow rapidly and the ice water

content increased significantly. Since the PV thunderstorm cloud

developed higher, the ice phase particles developed at higher

heights than during TC thunderstorm. The particle equivalent

radius increased gradually from the cloud top to ca. 1.5 km in

height, and it decreased initially and then increased below 1.5 km,

FIGURE 6
Time series of the vertical distribution of water vapor, liquid water, and relative humidity in PV thunderstorm (A,B,C) and in TC
thunderstorm (E,F,G).
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so the cloud above 1.5 km can be considered as roughly where

hydrometeor particles growth took place.

During the TC thunderstorm on July 16, since the water

vapor density at 2–4 km is higher than that in PV thunderstorm,

and the radial velocity is much greater than in PV thunderstorm,

with the better water vapor conditions and stronger updrafts, the

ice water content within the cloud was relatively abundant, and

the maximum ice water content exceeding 0.8 g/m3 at 0526-

0536UTC. And the center of the region with high ice water

content developed to a height of 4 km during the most vigorous

convective phase, wherein the ice-phase particles grew

vigorously, touched and merged, and charge transfer occurred,

triggering the non-induction initiation mechanism and

prompting the onset of lightning within the cloud. The

particle equivalent radius and the location of the region of ice

water content were relatively consistent, and the maximum

equivalent particle radius exceeded 80 μm.

The droplet spectrum characteristics of the precipitation

accompanying the two processes also differ. Figure 8A shows

that the changes in rain intensity during the PV thunderstorm on

July 14 were characterized by three peaks. The first small peak of

rain intensity occurred between 0,858 and 0917 UTC, during

which the number concentration of raindrops (N0) and rain

intensity (Rain) of raindrops had similar trends, and the particle

mean diameter (Dm) of raindrops was relatively large when

precipitation first occurred. After 0917 UTC, the average

droplet size fluctuated but remained below 0.8 mm, while the

rain intensity and the number concentration of raindrops tended

to increase rapidly. The rain intensity increased from less than

0.3 mm/h tomore than 1.1 mm/h, and the number concentration

of raindrops also increased from less than 200 m−3 to more than

2,200 m−3. The precipitation phase of PV thunderstorms has a

smaller particle mean diameter but a higher number

concentration of raindrops.

FIGURE 7
Time series of the vertical distribution of icewater content and particle equivalent radius in PV thunderstorm (A,B) and in TC thunderstorm (C,D).
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The precipitation on July 16 was divided into two spells: 1) a

period of weak precipitation between 0,519 and 0524 UTC and 2)

a period of strong precipitation with a maximum rain intensity

reaching nearly 40 mm/h between 0,533 and 0558 UTC.

Compared with the process on July 14, the trends of rain

intensity and the number concentration of raindrops during

the precipitation on July 16 were generally consistent, while

the trends of particle mean diameter were reversed. In

general, the rainfall on July 16 was much heavier, and the

particle mean diameter was also larger, with droplets

exceeding 1.2 mm in size at the peak of the rain intensity. At

0,533–0541 UTC, which was the period of precipitation from

convective cloud systems, the number concentration of raindrops

was low, remaining at ca. 400m−3, while the rain intensity and the

particle mean diameter of raindrops were relatively large. When

convective cloud precipitation changed to stratiform cloud

precipitation, the rain intensity, the number concentration of

raindrops, and the particle mean diameter also changed more

obviously: the rain intensity decreased from 40 mm/h to less than

20 mm/h, and the particle mean diameter of raindrops also

decreased from more than 1.2 mm to less than 0.8 mm, while

the number concentration of raindrops changed in the opposite

direction, increasing rapidly from 400 m−3 to a maximum of

1,600 m−3.

Here, it is obvious that the particle mean diameter is larger

but the number concentration of raindrops is smaller in the

convective precipitation phase, and the particle mean diameter is

smaller but the number concentration of raindrops is larger in

the stratiform cloud precipitation. The changes in the mean

particle diameter and the number concentration of raindrops are

obvious when the precipitation type and intensity change, so the

changes in the raindrop spectrum characteristics can reflect the

changes in precipitation. The time variations in the rain intensity

and particle mean diameter indicates that the changes in the

rainfall intensity is closely related to the variations in the

particle size.

Lightning activities

Thermodynamic and microphysical processes interact to

cause lightning activities. To visualize better the evolution of

thunderstorms and explore further the relationship between TBB

and CG lightning, the superimposed TBB data from the Japanese

Himawari satellite and ADTD data at different moments during

these two thunderstorms are shown in Figures 9, 10. In addition

to the blackbody bright temperature of cloud tops, the

temperature gradient is another characteristic quantity related

to the convective activity. It also reflects the convective activity

inside the cloud masses, and the larger the temperature gradient,

the more violent the cloud-top undulations, usually presenting a

larger temperature gradient in the low-altitude inlet area ahead of

the convective cloud mass movement. Herein, the TBB data are

superimposed on the CG lightning data 10 min before and after

the observation time to show the changes in CG lightning more

fully (Chen et al., 2021).

The thunderstorm clouds on July 14 were developing from

west to east and were located to the southwest of the

meteorological station at 0730 UTC. The clouds developed

with the maximum TBB reaching −60°C; the CG lightning

was also more active and was concentrated mostly in the

strong cold cloud area where TBB < −60°C. Then at

0830 UTC, the cold cloud area (TBB < −30°C) was further

expanded, the strong cold cloud area was located to the south

of the meteorological station, and the CG lightning in the strong

cold cloud area was more intensive. As the cloud continued to

develop, the strong cold cloud area continued to expand, and the

thunderstorm cloud passed the meteorological station at around

0930 UTC, at which time the number of CG lightning events

peaked at 155, all of which were negative CG lightning. The cloud

continued to move eastward, and at 1030 UTC the number of CG

lightning events began to decrease, and the thunderstorm began

to dissipate and end. During the process, the negative CG

lightning was active both the development and mature stages,

FIGURE 8
Raindrop spectrometer observations of (A) PV thunderstorm and (B) TC thunderstorm.
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while positive CG lightning appeared only once in the extinction

process. The areas of lightning activities were concentrated in the

strong cold cloud areas with TBB < −60°C; the lightning was also

more active in areas with a larger TBB gradient except for the

strong central area of deep convection.

In the TC thunderstorm on July 16, the cloud system

development was relatively shallow, the meteorological station

was in the cold cloud area, and the cloud body was also relatively

small. The CG lightning was relatively scattered and sparse in the

early stage, concentrated in the area with TBB < −40°C and the

junction of TBB between −30°C and −40 °C. With the continuous

development of the cloud moving to the northeast, the

meteorological station was basically located in the stronger

cold cloud area (TBB < −40°C) at 0,530–0550 UTC, and then

the stronger cold cloud area was further expanded; also, the

number of negative CG lightning increased rapidly during this

period. By 0600 UTC, the meteorological station was located at

the edge of the cloud, the center of CG lightning also moved

eastward, and a new strong cold cloud area with TBB < −60°C

developed on the east side, and then the cloud moved gradually

from over the meteorological station to continue its eastward

development. In general, the CG lightning was all negative during

the TC thunderstorm, it was maintained over the station for a

shorter period, and there were significantly fewer CG lightning

events than in the PV thunderstorm on July 14. The centers of

lightning activities were both located in the regions with

FIGURE 9
TBB superimposed on CG lightning at (A) 0,730, (B) 0,830, (C) 0,930, and (D) 1030 UTC on July 14 (+ indicates negative CG lightning, ⊕ indicates
positive CG lightning).
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TBB < −40°C and the regions with large TBB gradient during the

two thunderstorms.

Interaction of three processes:
Thermodynamic processes, microphysical
changes, and lightning activities

In thunderstorms, the thermodynamic field would first

promote the development of microphysical changes. The

strong updraft transported a large amount of water vapor to

the middle and upper layers of the clouds, and water vapor

content zoomed above 2 km in both the PV and TC

thunderstorms. High-value area of water vapor content

formed and developed to 6 km in height with its high-value

center in the middle layer of 2–4 km. The ice-phase particles in

the middle and upper layers of the cloud kept growing through

the process of condensation and attachment, and latent heat was

released. The temperature at 2–4 km increased by ca. 5 °C in the

PV thunderstorm, while the temperature increased more

obviously in the TC thunderstorm due to the stronger

convection, with that in the middle layer of the cloud

increasing by ca. 10°C. During this period, the shrapnel

particles collide with ice crystals and snow particles, triggering

noninductive power generation that in turn caused CG lightning.

As precipitation was intensifying, raindrops fell at a greater rate,

FIGURE 10
TBB superimposed onCG lightning at (A)0,500, (B)0,520, (C) 0,540, and (D)0600UTCon July 16 (+ indicates negative CG lightning, ⊕ indicates
positive CG lightning).

Frontiers in Earth Science frontiersin.org13

Yan et al. 10.3389/feart.2022.985846

https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org
https://doi.org/10.3389/feart.2022.985846


which produced a certain dragging effect on the air, thus

generating a stronger sinking airflow. With the weakening of

updrafts, the sinking airflow cut off the supply of water vapor

from the updraft to the upper layers of the cloud, the

thunderstorm cloud began to dissipate. This was also a reason

for the short maintenance time of TC thunderstorm. With the

weakening of updraft, the strong dragging effect of heavy

precipitation caused strong sinking airflow, which rapidly

hindered the upward transport of water vapor in the lower

layers, and the thermodynamic processes was resisted, which

directly affected the microphysical changed such as particle

condensation in the cloud, and then also weakened the

electric discharge activities.

To investigate further the relationships between the

microphysical and dynamical processes and lightning activities

of the two thunderstorms, this study screens some data

(Figure 11): 1) the maximum radial velocity from the cloud

radar, 2) the total liquid water content、the average ice water

content and the maximum ice water content from the microwave

radiometer within a detection range of 10 km altitude, and 3) the

number of CG lightning events. Of these, for consistent accuracy,

the data for total liquid water content and ice water content were

interpolated, and the time resolution was interpolated from

2 min to 1 min.

For the PV thunderstorm, the maximum radial velocity

fluctuated in the range of 0–3 m/s, the CG lightning increased

at 0,836–0936 UTC, and the radial velocity peak was ca. 1 h

earlier than the CG lightning peak. In the TC thunderstorm, the

CG lightning varied more irregularly and the radial velocity was

usually less than 8 m/s; at 0,526–0536 UTC, the maximum radial

velocity reached a peak of 14 m/s, and with the development of

updrafts, the CG lightning occurred more intensively, but it

lagged the peak radial velocity by ca. 10 min. The high liquid

water content with strong updrafts is favorable for CG lightning,

but as updrafts weaken, water vapor cannot continue to be

transported to the upper layers, and the sinking effect from

rainfall slows down the development of thunderstorms and

reduces the number of lightning events (Cai, 2021). The

occurrence of peaks in ice water content was also earlier than

the active phase of CG lightning. In general, the occurrence of

peaks in ice water content and radial velocity is indicative of the

active phase of lightning.

FIGURE 11
The time series of CG lightning (red), the maximum radial velocity (green), and the total liquid water content (blue) for (A) PV thunderstorm and
(B) TC thunderstorm. The time series of CG lightning (red), the average ice water content (green), and the maximum ice water content (blue) for (C)
PV thunderstorm and (D) TC thunderstorm.
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Conclusion

In this paper, based on ground-based data from cloud radar,

a microwave radiometer, a raindrop spectrometer, and a

lightning locator and combined with reanalysis data and

satellite data, the physical parameter changes of two different

types of thunderstorm processes and the characteristics of CG

lightning occurring over the Nagqu area were studied, and the

following conclusions are drawn.

The cloud layer of the PV thunderstorm on July 14 was

deeper: the height of the cloud top developed up to 10 km, and

the development time of the updraft within the cloud in the

thermodynamic field was longer than that of the TC

thunderstorm. However, the TC thunderstorm had stronger

short-time updrafts and larger radial velocity, and the release

of latent heat from the phase change of the hydromorphic

material caused greater warming.

The changes in water vapor during the PV and TC

thunderstorms were relatively consistent. The liquid water

content started to increase when precipitation occurred, the

water vapor density increased further, and the microphysical

activities within the cloud led to increased lightning activities,

findings that are similar to those from the study on the humidity

change characteristics of thunderstorms in the Kunming area

(Xu et al., 2021). The TC thunderstorm was richer in ice water

content than the PV thunderstorm, where the convective cloud

system precipitation phase had higher liquid water content in the

lower layers than did the stratiform cloud precipitation phase.

For the raindrop spectrum characteristics of precipitation

during thunderstorms, the trends of the number concentration of

raindrops and the rain intensity were similar. Meanwhile, the

rainfall amount and average particle size in the TC thunderstorm

were larger than those in the PV thunderstorm, in which the

particle mean diameter was larger but the particle number

density was smaller in the convective precipitation stage, and

the particle mean diameter was smaller but the particle number

density was larger in the stratiform cloud precipitation stage.

In both the PV and TC thunderstorms, the system developed

from east to west, and both were dominated by negative CG

lightning; this agrees with Fan et al. (2018), who found that the

proportion of positive CG lightning in the eastern part of the

QTP is low. The liquid water content and convective activities

within the clouds have a key influence on the initiating discharge

process, and the cold cloud regions (TBB < −40 °C) and the

regions with a large TBB gradient are more favorable to the

development of CG lightning, which is consistent with the

analysis of strong thunderstorm weather in Hohhot (Li et al.,

2021).

Thermodynamic and microphysical processes in

thunderstorms interact with each other in the process of

lightning activities. The thermodynamic field brings water

vapor and lifts for microphysical processes, and microphysical

changes release latent heat to strengthen the dynamical effect and

promote the development of lightning activities. When the

generated precipitation is continuously enhanced, the dragging

effect of raindrops produces stronger sinking airflow, which cuts

off the supply of water vapor from the updraft to the middle and

upper layers of the cloud, making the microphysical process

subject to resistance and the electric activities process difficult to

maintain, thus the thunderstorm dissipates. The trends in radial

velocity and ice-phase particle concentration correspond to the

active phase of the CG lightning, and the peak of the CG lightning

will have a certain time lag compared to their peaks.

Thunderstorms can cause damage to public life and

infrastructure in two forms, the first prime threat is CG

lightning and the later is associated with the heavy rainfall

produced by the occurrence of thunderstorms. The danger of

lightning can be mainly reflected by the frequency and intensity

of the CG lightning, CG lightning frequency of the PV

thunderstorm on July 14 is 1.65 flmin−1, much greater than

the TC thunderstorm on July 16 which is 0.93 flmin−1. And

the average CG lightning intensity of the PV thunderstorm is

-28.18kA, while that of the TC thunderstorm is -25.73 kA. Thus,

in general, the risk of lightning in the PV thunderstorm is greater

than that of the TC thunderstorm. The danger of heavy rainfall

accompanying the thunderstorm can be measured by the average

rainfall intensity and the accumulated rainfall. The accumulated

rainfall during the PV thunderstorm is 4.85 mm with an average

rainfall intensity of 1.39 mm/h, while the accumulated rainfall

during the TC thunderstorm is 2.37 mm with an average rainfall

intensity of 2.37 mm/h. Obviously, the TC thunderstorm is more

likely to bring potential short-term heavy rainfall disasters. Both

the risk of lightning hazard and heavy rainfall hazard caused by

thunderstorms are closely related to the humidity parameters

during the thunderstorms, and the water vapor density and liquid

water content play a key role.
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