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The spatiotemporal distribution of cloud-to-ground (CG) lightning activities on

the Yungui Plateau is investigated in this study by using a 5-year dataset

(2016–2020) from the ground-based National Lightning Detection Network

(CNLDN). The correlations between the lightning activities and different

meteorological factors in the region are also analyzed. The results show that

there is an obvious difference in the spatial distribution of lightning activities on

the Yungui Plateau during the 5 years, with high lightning density in the east and

low lightning density in the west. The lightning activities shift and gather more

towards the eastern plateau especially after 2019. Affected by the quasi-

stationary front in Kunming, the spatial distributions of lightning flashes in

cold and warm seasons are different. On the other hand, the frequency of

the lightning activities varies from year to year, such as the surge in 2019. But in

general, 62% of the lightning activities are produced in summer and the

lightning flashes occur more often in the afternoon and evening on the

Yungui Plateau. Additionally, it is found that lightning activities in the 5 years

are closely related to precipitation and temperature, while there is a weak

correlation with relative humidity and almost no correlation with sensible heat

flux. The analysis also indicates that the CAPE×P (convective available potential

energy times precipitation rate) proxy can be effectively used to describe and

predict lightning activities on the Yungui Plateau as the lightning flashes

corresponds well to CAPE×P, especially of the spatial distribution.
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1 Introduction

As an important part of thunderstorm activities, the cloud-

to-ground (CG) lightning flash is considered a highly destructive

meteorological disaster. It may lead to power system faults, cause

wildfires, and even threaten life safety (Krause et al., 2014;

Veraverbeke et al., 2017). In order to reduce the harm of

lightning activities and further understand them for lightning

monitoring and forecasting, the characteristics of lightning

activities under different climatic factors are studied, such as

temperature (Price and Asfur, 2006), precipitation (Zheng et al.,

2016), aerosol (Tan et al., 2016; Shi et al., 2020), convective

available potential energy (CAPE) (Qie et al., 2003; Pawar et al.,

2012), and sensible heat flux (Qie et al., 2004; Li et al., 2020).

Because the lightning activity occurs with complex physical

mechanisms that are closely related to these meteorological

factors. In addition, the topography and geomorphology will

also affect the occurrence of lightning flashes by changing the

convective motion in the atmosphere (Ramesh Kumar and

Kamra, 2012), so it is of great significance to study the

temporal and spatial distribution characteristics of lightning

activities in different regions.

In recent years, many researchers have studied lightning

activities in China (Yang et al., 2015; Xu et al., 2022). In

general, there are more lightning activities in the south than

in the north of China and more in the east than in the west (Xu

et al., 2022). The lightning density in the high-altitude and arid

areas of western China is lower than that in the low-altitude and

coastal areas of southeastern China. The distribution of lightning

flashes in the plateau areas of China can be affected by the

complex terrain (Yang et al., 2015). The Tibetan Plateau, the

highest and largest plateau in the world, has unique circulation

and climatic conditions. The lightning activities produced there

is closely related to the plateau thermodynamics (Qie et al., 2004).

The charge structure of the thunderstorm cloud and the

characteristics of lightning activities are also distinct from

others (Li et al., 2020). Possibly affected by the Tibetan

Plateau (Yu et al., 2007; Zhang et al., 2014), the Sichuan Basin

on the east of it is the only high lightning density center in

western China (Yang et al., 2015). It is also a famous nocturnal

precipitation basin, as lightning activities mostly occur at night

(Xu and Zipser, 2011).

The Yungui Plateau is the transitional zone from the Tibetan

Plateau to eastern hilly regions (Li and Yu, 2014). It is well

known as a typical karst landform with unique topographic

characteristics. There is a gradual decline of the terrain from

the west to the southeast (Ge, 2021). Due to the uneven

vertical distribution of heat caused by altitude, the climate

patterns in the east and west of the Yungui Plateau are

different. Lightning density on the Yungui plateau is also

influenced by the topography (Yang et al., 2015). Based on

satellite data, it is found that the lightning density in southern

China and the Yungui Plateau is high (Ma et al., 2007). In

addition, Ma et al. analyzed the lightning activities in China

from December 2010 to February 2020, and concluded that

the southwestern and southeastern sides of the Yungui

Plateau are lightning-prone areas in winter (Ma et al.,

2022). In recent years, there has been a warming trend on

the Yungui Plateau (Shi and Chen, 2018; Ma et al., 2019).

However, to the best of our knowledge, the specific analysis

of lightning activities of this region remains in 2015 (Wu

et al., 2017).

Is the lightning activity on the Yungui Plateau affected

by the Tibetan Plateau? What is the relationship between

lightning activities on the Yungui Plateau and its special

topography and climate? Will the climate change on the

Yungui Plateau affect the characteristics of lightning activities?

In order to answer the above questions, in this paper, we focus

on analyzing the spatiotemporal characteristics of CG lighting

activities on the Yungui Plateau and the correlation with

the meteorological factors. The results of this paper can

provide a basic reference for lightning risk assessment and

lightning protection in the Yungui Plateau and its surrounding

areas.

2 Data and methods

2.1 Region of interest

The region of interest in this study, namely the Yungui

Plateau (100°–111° E, 22°–30°N), is shown in Figure 1. The

Yungui Plateau is located on the southeast of the Tibetan

Plateau (Ge, 2021). It runs from the Hengduan mountains in

FIGURE 1
The region of interest (marked by the black line) selected in
the study: Yungui Plateau (100°–111° E, 22°–30° N). The provincial
boundaries are marked by a dotted gray line and the capitals of the
provinces are marked.
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the west to the Xuefeng Mountain in Hunan in the east and the

Sichuan Basin lies on the north of it. Specifically, Yungui Plateau

includes the eastern parts of Yunnan Province, whole area of

Guizhou Province, northwestern parts of Guangxi Province and

the borders of Sichuan, Hubei, Hunan, and other provinces.

The terrain of the Yungui Plateau is rugged, with high in the

northwest and low in the southeast. The climate of the Yungui

Plateau is characterized by seasonal heavy rainfall and drought

as a result of the control of the westerlies and summer

monsoons of the southwest monsoon from Bay of Bengal

and the East Asian monsoon from South China Sea (Wu

et al., 2022).

2.2 Data source

The lightning dataset used in this paper is derived from the

advanced time of arrival and direction (ADTD) detection system

of the National Lightning Detection Network (CNLDN), which

was established by the China Meteorological Administration in

late 2000 (Zhang et al., 2022). It is said that the efficiency of this

system can reach about 90%, and the locating accuracy error is

around 300–500 m (Xu et al., 2022). The total number of the

lightning activities happened on the Yungui Plateau between

2016 and 2020 obtained from the dataset is 9.42 × 106, including

the information of time, latitude, longitude, intensity, and

location.

Based on the ERA5 dataset of the European Centre for

Medium-Range Weather Forecasts (ECMWF) (Pérez-Invernón

et al., 2021), the surface temperature, precipitation, surface

sensible heat flux, relative humidity (850 hPa), CAPE and

precipitation rate are collected to analyze the meteorological

conditions of the Yungui Plateau from 2016 to 2020. The

spatial resolution of the obtained data is 0.25° × 0.25°, and the

temporal resolution is 1 month.

2.3 Data processing

In order to ensure the reliability and accuracy of the analysis,

the lightning data is preprocessed. The data outside the

Yungui Plateau are cut, and then the results of three and

below lightning detection sensors are deleted. As the cloud

lightning flashes less than 10 kA and the CG lightning flashes

cannot be reliably distinguished, the positive CG (PCG)

lightning flashes with current less than 10 kA is deleted

from the dataset (Zheng et al., 2016; Zhang et al., 2017). In

addition, we group return strokes with time intervals less than

500 ms and horizontal distances less than 10 km as the same

set of a lightning flash (Xie et al., 2013). Finally, the CG

lightning data are resampled to grid data with spatial

resolution of 0.25° × 0.25°.

3 Distribution characteristics of
lightning activities

3.1 Spatial distribution

Figure 2 shows the spatial distribution of annual average

lightning density on the Yungui Plateau from 2016 to 2020. It is

obvious that there are significant spatial differences in lightning

activities on the Yungui Plateau. Specifically, the lightning density

is high in the eastern plateau and low in the western plateau. This

may be explained by the fact that the eastern plateau (east of the

red dotted line in Figure 2) is classified in the eastern coastal humid

and semi-humid region of China in Climatology (Ma et al., 2005).

In addition, Guizhou, in the east of the plateau, is an area of typical

karst landform and the tridimensional climate characteristics

formed by the influence of topography are obvious, resulting in

complex and changeable CG lightning activities in this region.

In Figure 2, the highest value of CG lightning density appears

in region A (109°E, 25°N), located in the southeast of the Yungui

Plateau, reaching 2.83 fl km−2·yr−1. The reason why the lightning

activity is active here may be due to the influence of the sea

position. This area is close to the South China Sea, rich in water

vapor and sufficient rainfall. Figure 2 also shows three regions

with high lightning density over the 5 years on the Yungui

Plateau. Region B lies in the eastern part of Yunnan Province,

where the warm and humid airflow uplifted by the terrain in

summer is conducive to the development of thunderstorms (Li

et al., 2008). The reason for high lightning density in region C,

namely the west side of Guizhou, may be that it is blocked by

Wumeng Mountain and located on the southeast monsoon

FIGURE 2
The spatial distribution of annual average lightning density on
the Yungui Plateau from 2016 to 2020. The red dotted line is the
dividing line of dry and humid regions in China. The regions with
high lightning density are marked with black rectangles.
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windward slope with abundant precipitation. Region D, on the

north side of Yunnan region, is located at the junction of Lijiang

and Panzhihua. It belongs to the south-central part of the Panxi

rift valley, where the maximum altitude difference is more than

3,000 m. The center of the lightning density appears in the area of

the valley, where is appropriate to the occurrence of lightning

activities (Li et al., 2020). Also, the Hengduan Mountain near it

belongs to the southeast corner of the Tibetan Plateau. The

influence of lightning activities produced on the Tibetan

Plateau makes the average annual lightning density in the area

of the Hengduan Mountain larger.

Figure 3 shows that the inter-annual variation of the spatial

distribution of the lightning density on the Yungui Plateau is

obvious from 2016 to 2020. In general, there is no significant

difference in the distribution of the high lightning density area in

each year. However, the lightning activities in the first 3 years are

uniformly distributed. Since 2019, lightning activities have

remarkably shifted to the central and eastern parts of the

Yungui Plateau. By 2020, lightning activity had been more

concentrated in the middle and eastern plateau.

Figure 4 shows the seasonal distribution of average lightning

density on the Yungui Plateau between 2016 and 2020. It can be

seen that the distribution in spring and winter are highly

consistent, with lightning flashes are mainly concentrated in

the eastern side of the Yungui Plateau. The consistency of

summer and autumn is also strong, as the lightning events

mainly occur on the central and western Yungui Plateau. This

may be related to the Kunming quasi-stationary front. In winter,

during the southward movement of cold air from northern

China, blocked by the terrain of Yungui Plateau, the cold air

keeps still here and forms a quasi-stationary front. The specific

position is about 103.5°E ~ 104°E. It is characterized by significant

differences in cloud and rainfall (Qian and Fu, 2010; Du et al.,

2007). Therefore, there is more rainfall in the east of Kunming

stationary front in winter, which may be the cause of dense

lightning flashes. In addition, in summer and autumn, lightning

activities is active near 102°E, 26°N, while there is almost no

lightning activity in spring and winter in this region. This may be

due to the unique climate model of Yungui Plateau. The west-

wind drift in the southern margin of the Tibetan Plateau sinks on

FIGURE 3
The inter-annual variation of the spatial distribution of the lightning density on the Yungui Plateau from 2016 to 2020: (A) 2016, (B) 2017, (C)
2018, (D) 2019, and (E) 2020.
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the leeward side of the high ridge in the western Hengduan

Mountains, inhibiting precipitation and increasing surface

temperature. Therefore, the area west of 104°E can be divided

into obvious drought (fromNovember to April) and rainy season

(from May to October) (Li and Yu, 2014). Most rainfall and its

frequency are concentrated in the rainy season, controlled by the

southwest summer monsoon.

3.2 Temporal distribution

The distribution of lightning frequency and the proportion of

PCG lightning flashes on the Yungui Plateau from 2016 to 2020 is

shown in Figure 5. It is found that Yungui Plateau is a lightning-

prone area, with the total frequency of lightning flashes during

the 5 years reaches 3.4×106 and the annual average frequency

reaches 6.8 × 105. Secondly, there is an obvious inter-annual

variation of the lightning frequency. From 2016 to 2018, the total

frequency of CG lightning flashes decreased slowly, from 6.1 ×

105 to 4.5 × 105. However, there was a surge to 8.1 × 105 in 2019,

and next year it increased to nearly one million.

By comparing the frequency of PCG and negative CG

lightning activities in Figure 5, it can also be found that the

negative CG lightning flashes has the dominant role on the

Yungui Plateau, with only 9.1% of the flashes are PCG

lightning flashes. The frequency of negative CG lightning

flashes is far greater than that of positive ones. This may be

closely related to the distribution structure of the charge in the

cloud. The charge generally presents a dipole distribution.

Therefore, under the action of the atmospheric electric field,

FIGURE 4
The seasonal distribution of average lightning density on the Yungui Plateau between 2016 and 2020: (A) Spring, (B) Summer, (C) Autumn, and
(D) Winter.

FIGURE 5
The distribution of CG and PCG lightning frequency (y-axis
on the left) and the proportion of PCG lightning flashes (y-axis on
the right) on the Yungui Plateau from 2016 to 2020.
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the negative charge is closer to the ground and discharges to

the ground. The positive charge is far from the ground, so its

probability of discharge to the ground is smaller than that of

the negative charge. However, especially after 2018, there was

a substantial growth in the proportion of PCG lightning

flashes, which may be the result from the changes in cloud

depth, environmental conditions, and topography (Yang

et al., 2015).

Figure 6 is the line chart of the average current intensity of

positive and negative CG lightning flashes from 2016 to 2020. It

can be found that in these 5 years, the average intensity of PCG

lightning flashes is always greater than that of negative ones. This

is mainly because the occurrence opportunity of positive flashes

is less than that of negative flashes. The charge in the

thunderstorm cloud needs to be conserved, so the intensity of

the PCG lightning flashes will be correspondingly greater than

that of the negative CG lightning flashes. To be specific, the

average intensity of PCG lightning flashes in the 5 years is 64 kA,

which is about 1.3 times of the average intensity of negative CG

lightning flashes.

Figure 7A shows the monthly distribution of the lightning

frequency on the Yungui Plateau from 2016 to 2020. In general,

most of the lightning activities happen in summer (June ~

August), accounting for around 62% of the lightning flashes.

While the flashes in winter (December ~ February) are only

about 1%. This is consistent with previous results, that CG

lightning activities mainly occurs in the warm season (Xie

et al., 2013), as a result of prevailed convection in this season.

In addition, it can also be found that, except for 2020, the

monthly distribution of lightning frequency in other years

presents double peaks, that is, lightning activities also peaks in

the spring. This may be due to the intense heating and convective

precipitation during the pre-monsoon season (Chandra et al.,

2021).

The monthly distribution of the frequency and percentage of

PCG lightning activities can be seen from Figure 7B. The

percentage of PCG lightning flashes in cold season is much

higher than that in warm season. This is consistent with previous

research results (Xie et al., 2013). In November, the percentage of

PCG lightning flashes even reaches nearly 50%. There is a

negative correlation between the number of lightning activities

and the proportion of PCG lightning flashes in this region.

Figure 8 shows the 24-h variation of lightning frequency on

the Yungui Plateau, including the frequency of CG lightning

activities and the percentage of PCG lightning flashes.

Overall, lightning activities occur more frequently in the

afternoon and evening, especially between 16 and 18 p.m.,

with a maximum at 17 p.m. There are fewer lightning

activities produced in the morning, with a valley at 10 a.m.

FIGURE 6
The line chart of the average current intensity of positive and
negative CG lightning flashes from 2016 to 2020.

FIGURE 7
(A) The monthly distribution of the lightning frequency on the Yungui Plateau from 2016 to 2020. (B) Themonthly distribution of the frequency
and percentage of PCG lightning activities.
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This may be because the strengthening of solar radiation in

the afternoon, which radiates through the atmosphere to the

ground and changes the temperature of the underlying

surface. The atmosphere near the ground absorbs more

heat, resulting in the atmospheric convergence and uplift

of the ground. The convection forms, which will promote

the formation of convective clouds and further strengthen the

lightning activities. The proportion of PCG lightning flashes

is inversely proportional to the total frequency of CG

lightning flashes, peaking in the morning and reaching the

valley value in the afternoon.

4 Analysis of influencing factors

Lightning activities are affected by many meteorological

factors at the same time. In order to further explore the

possible effects of various meteorological factors on the

temporal and spatial distribution of lightning activities on

the Yungui Plateau, the Pearson linear correlation coefficients

between the lightning frequency and various influencing factors

are calculated and analyzed. Figure 9 shows the correlations

FIGURE 8
The 24-h variation of lightning frequency on the Yungui
Plateau, including the frequency of CG lightning activities (y-axis
on the left) and the percentage of PCG lightning flashes (y-axis on
the right).

FIGURE 9
The correlations between monthly lightning frequency in the 5 years from 2016 to 2020 and the meteorological factors selected in the
corresponding time and region: (A) Temperature, (B) Surface sensible heat flux, (C) Precipitation, and (D) Specific humidity (850 hPa). R represents
the value of correlation coefficient and p shows the significance level.
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between monthly lightning frequency in the 5 years from 2016 to

2020 and the meteorological factors selected in the

corresponding time and region. It can be found that among

the four selected meteorological factors, the lightning activity on

the Yungui Plateau has a high correlation with precipitation and

temperature, reaching 0.75 and 0.72, respectively. The

correlation between lightning activities and relative humidity

is weak, and it is almost irrelevant to sensible heat flux. In other

words, the precipitation in Yungui Plateau, including the

difference in rainfall distribution caused by the Kunming

quasi-stationary front mentioned above, can indeed have a

significant indigenous impact on lightning activities in the

region.

Due to the complexity of the lightning event, it is widely

recognized that it is difficult to describe the generation and

development of the lightning activity through specific physical

processes. Romps et al. explained 77% of the temporal and spatial

distribution of CG lightning activities in the United States and

predicted the lightning density by using CAPE×P (convective

available potential energy times precipitation rate) proxy (Romps

et al., 2014). After being validating and evaluating (Romps et al.,

2018; Tippett et al., 2019; Zhao et al., 2022), it turns out that

CAPE×P can indirectly describe and quantify lightning-related

atmospheric processes under certain conditions.

Figure 10 is the scatter plot of the correlation between

monthly lightning frequency and CAPE×P on the Yungui Plateau

from 2016 to 2020. It can be seen that there is a strong correlation

between CAPE×P and the lightning activity, reaching 0.81.

The specific temporal and spatial distribution relationships

between CAPE×P and lightning activities on the Yungui Plateau

are shown in Figures 11, 12. It can be seen from Figure 11 that in

the 5 years from 2016 to 2020, the trend of monthly change of

CAPE×P is consistent with the corresponding frequency of

lightning flashes, especially the time when the annual peak

appears. In terms of the extent of change, the change of

CAPE×P and lightning frequency is very similar in the cold

seasons each year. In the warm seasons, especially in summer, the

change of CAPE×P is much higher than that of lightning

frequency except in 2020. This indicates that there may be

other factors that affect CG lightning activities on the Yungui

Plateau in summer.

Figure 12C shows the corresponding relationship between

the spatial distribution of monthly density of lightning flashes

(Figure 12A) and the spatial distribution of monthly CAPE×P

(Figure 12B) in the 5 years. It can be clearly seen that except for

the northeastern margin of the Yungui Plateau, the spatial

distribution correlation of the region is above 0.5, which

proves that the density of the lightning activities in the region

is correlated with the spatial distribution of CAPE×P. This also

indicates that CAPE×P could be effectively used to describe and

predict lightning activities on the Yungui Plateau.

5 Summary and discussion

Based on the ADTD ground-based lightning location data on

the Yungui Plateau from 2016 to 2020, the temporal and spatial

distribution characteristics of lightning activities were obtained.

Combined with the reanalysis meteorological data of ERA5, the

correlations between lightning activities and different

meteorological factors during this period were analyzed.

Finally, the relationship between CAPE×P and the frequency

of lightning activities in this area was studied. The main

conclusions of this paper are as follows:

1) There is a significant difference in the spatial distribution of

the lightning activities on the Yungui Plateau, showing high

lightning density in the east and low lightning density in the

west. During the years from 2016 to 2020, the spatial

distribution of lightning activities on the Yungui Plateau

presents obvious interannual variations. There is an

eastward migration and accumulation of lightning flashes

after 2019. Due to the influence of Kunming quasi-

stationary front, the spatial distribution of lightning

activities in cold and warm seasons of Yungui Plateau is

significantly different.

2) The CG lightning activities on the Yungui Plateau is mainly

dominated by negative flashes, and the difference in the

temporal distribution of the lightning activities is also

significant. There has been an obvious surge in the lightning

frequency since 2019. Most CG lightning flash occurs in

summer, but the percentage of PCG lightning flashes is the

lowest during this period. In addition, lightning activities occur

more frequently in the afternoon and evening.

FIGURE 10
The scatter plot of the correlation betweenmonthly lightning
frequency and CAPE×P on the Yungui Plateau from 2016 to 2020.
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3) Lightning activities on the Yungui Plateau are mainly affected

by precipitation and temperature. The correlation between

lightning activities and relative humidity is weak, and it is

almost irrelevant to sensible heat flux. In addition, the

CAPE×P proxy is closely related to the lightning activity,

especially spatial distribution. This indicates that CAPE×P

proxy can be effectively used to describe and predict lightning

activities on the Yungui Plateau.

It is undeniable that the above analysis of lightning activities

on the Yungui Plateau could be affected by the efficiency and

accuracy of lightning location system. In the future, we will try to

use longer-term observation data to further explore the

corresponding relationship between lightning activities and its

topography and climate in the region.

Data availability statement
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FIGURE 11
The monthly temporal distribution of the lightning frequency (y-axis on the left) and CAPE×P (y-axis on the right) on the Yungui Plateau from
2016 to 2020.

FIGURE 12
(A) The monthly spatial distribution of the lightning density (fl·km−2·month−1) on the Yungui Plateau from 2016 to 2020. (B) Same as (A) but for
CAPE×P (J·kg−1·m−1·s−1). (C) The spatial distribution of correlation coefficients between the spatial distribution of monthly density of lightning flashes
and the spatial distribution of monthly CAPE×P in the 5 years. The spatial resolution is 1° × 1°.
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