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Highlights 

What are the main findings? 

• Lightning activity in Typhoon Doksuri (2023) exhibited intermittent outbreaks be-

havior and intense lightning flashes, which were mainly concentrated in the outer 

rainband of the typhoon. 

• Deep convections inside the typhoon provided favorable thermodynamic conditions 

(i.e., a high CAPE index, abundant water vapor, and a low cloud-top brightness tem-

perature) for the formation of intense lightning via the non-inductive charging mech-

anism. 

• Intense inner-core lightning preceded the typhoon’s first intensity peak by 14–41 h; 

during the re-intensification stage, it occurred ~9 h after the typhoon peak. 

What are the implications of the main findings? 

• The characteristics and formation mechanisms of the lightning activity during Ty-

phoon Doksuri (2023) were revealed using experimental observations and numerical 

simulations, improving our understanding of typhoon-associated lightning activity. 

• The correspondence between intense lightning phenomena and rapid intensification 

of the typhoon was investigated, which could contribute to typhoon forecasting and 

disaster warning in the Western Pacific. 

Abstract 

The characteristics and formation mechanisms of lightning activity during the lifetime of 

Super Typhoon Doksuri (2023) were investigated using ERA5 reanalysis data and obser-

vation data from the World-Wide Lightning Location Network (WWLLN) and Himawari-

8/9 satellite. The lightning activity exhibited pronounced intermittent outbreak behavior, 

and intense lightning flashes mainly occurred in the outer rainband region approximately 

200–600 km from the typhoon center. The occurrence of intense lightning was mainly re-

lated to the development of deep convections which were characterized by a high CAPE 

index and low cloud-top brightness temperature. In the landfall stage, intense lightning 

outbreaks may have been further modulated by the orographic lifting from the underly-

ing surface and island thermal effects. Strong updrafts within the typhoon provided fa-

vorable conditions for intracloud microphysical electrification processes. The formation 

of intense lightning was interpreted via the non-inductive charging mechanism and 
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validated using E-WRF model simulations. During the first rapid-intensification episode, 

intense inner-core lightning preceded the typhoon intensity peak by 14–41 h; during the 

re-intensification episode, it occurred ~9 h after the typhoon peak. These insights into the 

intense lightning activity in Super Typhoon Doksuri (2023) contribute to improving ty-

phoon forecasting and disaster warning in the Western Pacific. 

Keywords: Typhoon Doksuri; lightning activity; deep convection; non-inductive charging 

mechanism 

 

1. Introduction 

Lightning is a transient atmospheric electrical discharge process that primarily oc-

curs within deep convective clouds, which involves rapid charge transfer, strong currents, 

and intense electromagnetic radiation [1]. According to the discharge location, lightning 

flashes can be classified into intracloud lightning and cloud-to-ground lightning. Ty-

phoons are tropical weather systems that contain a large amount of unstable energy. Fre-

quent collisions between hydrometeors (i.e., ice crystals and graupel) may occur within 

deep convections because of the strong updrafts and downdrafts, and strong electric fields 

can be formed during particle collisions and separation processes within typhoon cloud 

systems. The accompanying lightning activity is essentially gas discharge, which is trig-

gered when the local electric field intensity is greater than the breakdown threshold of air. 

Lightning activity in the typhoon is therefore an important manifestation of deep convec-

tive development, and its occurrence is closely related to the complicated dynamic and 

thermodynamic processes inside typhoons. 

Since the pioneering work of Black and Hallett [2], numerous experimental observa-

tions and numerical simulations have been conducted on the lightning activity in tropical 

cyclones (TCs) to characterize their spatiotemporal distribution and possible formation 

mechanisms [3,4]. Using the observations of the World-Wide Lightning Location Network 

(WWLLN), Price et al. [5] investigated the statistical characteristics of lightning activity in 

56 hurricanes from around the world and found that lightning frequency may be related 

to intensity changes in typhoons and that strong vertical motion inside typhoons plays a 

key role in establishing strong electric fields. Similar results were reported by Corbosiero 

and Molinari [6], Wang et al. [7], and Zhang et al. [8], indicating that lightning activity is 

associated with changes in the thermodynamic conditions inside typhoons. Moreover, 

Naccarato et al. [9] and Kumar and Kamra [10] reported that cloud-to-ground lightning 

density tends to increase during the typhoon landfall process and that lightning activity 

in TCs presents different characteristics compared to cloud-to-ground lightning due to the 

different underlying surfaces and to island thermal effects. Regarding lightning activity 

in the typhoon inner-core region, research from Abarca et al. [3] and Zhang et al. [11] 

found that intense lightning outbreaks typically occurred ahead of the typhoon intensity 

peak, approximately 24–48 h before, thus serving as an indicator of rapid intensification 

of the typhoon. To study the microphysical processes of lightning in thunderstorms, Fi-

erro et al. [4] developed the E-WRF (Weather Research and Forecasting model with elec-

trification) model by coupling the explicit electrification and lightning parameterization 

schemes within the WRF system and successfully simulated the intracloud charge struc-

ture and lightning activity within convective clouds. Subsequently, Lu et al. [12] applied 

this model to accurately simulate lightning processes in typhoons, including the micro-

physical processes of charge transfer and distribution in convective clouds. Their results 

confirmed that the charge separation originates from the collisions between ice crystals 

and graupel under suitable conditions. Recently, based on the diffusion of protons (H+) in 
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ice crystals and the L-defect trapping mechanism, Kang et al. [13] proposed a new charge-

separation model, trying to further characterize the microphysical electrification processes 

inside typhoon cloud systems. 

Although considerable progress has been made in recent decades, the current under-

standing of the characteristics of lightning activity in TCs is still not comprehensive 

enough, and evidence for the proposed microphysical mechanisms is also lacking. Due to 

limitations of current observation methods, direct observational data on typhoon activity 

and the internal lightning phenomena are relatively scarce, and the theories on these pro-

cesses have not been adequately verified experimentally. In addition, since typhoons are 

constantly moving and changing over time, lightning phenomena occur at different stages 

of typhoon development and may thus be driven by different formation mechanisms and 

exhibit unique characteristics. To analyze lightning activity in different typhoons, more 

experimental observations and further model simulations are needed. Super Typhoon 

Doksuri (2023) is one of the strongest typhoons to have made landfall on the Chinese 

mainland in recent years, and the accompanying lightning activity exhibited varying char-

acteristics at the rapid intensification, landfall, and remnant-vortex northward-mainte-

nance stages. In this study, using ERA5 reanalysis data and observations from the 

WWLLN and Himawari-8/9 satellite, the characteristics of the lightning activity during 

Typhoon Doksuri (2023) were investigated, and the possible formation mechanisms for 

the intense lightning outbreaks at the various stages are discussed. Although it is a case 

study, the results contribute to our understanding of lightning phenomena in Western 

Pacific typhoons and to typhoon monitoring and disaster warning in coastal areas. 

2. Materials and Methods 

According to the TC best-track dataset from the China Meteorological Administra-

tion (CMA, http://www.nmc.cn, accessed on 2 September 2026), Doksuri (2023) formed in 

the Western Pacific and intensified into a typhoon over the ocean near the Philippines on 

23 July 2023. It became a super typhoon around 20 UT on 24 July, with a maximum wind 

speed of ~58 m/s. On 26 July, it made landfall over the Babuyan Islands and subsequently 

weakened into a severe typhoon. On 27 July, Typhoon Doksuri re-intensified into a super 

typhoon while it traveled over the South China Sea. Typhoon Doksuri made landfall at 

Jinjiang City on 28 July and then gradually weakened as it moved inland. The typhoon 

track is plotted with line segments in Figure 1, and its intensity variation is shown by the 

color gradient. The typhoon center locations at 00 UT are shown and marked with the 

date. The resolution of the position and intensity information of this track dataset over the 

Northwest Pacific is 6 h, and it starts 3 h after landfall [14]. 

The WWLLN is a positioning system that uses globally distributed very-low-fre-

quency (VLF, 3–30 kHz) electromagnetic monitoring stations to detect the electromagnetic 

pulse signals radiated by lightning. Cloud-to-ground lightning with a high radiation in-

tensity can be detected under all weather conditions, with errors of typically less than 10 

km in the recorded position data and a temporal precision of about 10 μs [15,16]. The 

WWLLN observations can be used to study the lightning activity during the whole life-

time of Typhoon Doksuri (2023). Lightning flashes within 1000 km of the typhoon center 

were analyzed, and the lightning density (flashes per 100 km2) for each geographical lo-

cation was calculated and marked on the map. In the WWLLN’s lightning strike raw data, 

a complete lightning flash usually contains multiple strokes. Therefore, during the data 

analysis, the raw data were first clustered according to the time interval and spatial dis-

tance between the discharge events using a sequential clustering algorithm similar to that 

of Zhang et al. [17] and Zhu et al. [18]. For any two different strokes, if the time interval is 

≤0.5 s and the spatial distance is ≤10 km, they were classified as the same lightning flash. 

Meanwhile, the time-span threshold between the first and last strokes within the same 
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flash was set to less than 1 s. The stroke with the greatest far-field energy was used to 

represent the whole cluster, and the lightning flash was characterized with the spatiotem-

poral information (i.e., longitude, latitude, and occurrence time) of the strongest stroke. 

On the other hand, since the lightning flash is positioned according to the “time difference 

in arrival” in the WWLLN records, only lightning flashes detected simultaneously by 

more than five stations (nstn ≥ 5) were analyzed, ensuring that the lightning locations were 

precisely detected. In recent years, with the increase in the number of sensors and the 

upgrading of the positioning algorithm, the detection performance of the WWLLN has 

continuously improved, and the positioning accuracy and detection efficiency can be typ-

ically reach about 5 km and 11%, respectively [19,20]. Here, for the detection of lightning 

flashes during Typhoon Doksuri (2023), these preset spatial and temporal criteria are rea-

sonable, and they allowed us to effectively avoid double counting. In addition, to calculate 

the lightning density, typhoon track data were interpolated with a temporal resolution of 

1 h via the cubic-spline interpolation method, and the lightning occurring within 30 min 

before and after each time point was counted as the number of flashes within that time 

interval. The spatial distribution of lightning flashes was gridded at a resolution of 0.2° × 

0.2°, and the lightning density was calculated for each grid cell. 

 

Figure 1. Distribution of the accumulated lightning flash density within 1000 km of Typhoon Dok-

suri’s center during 21–30 July 2023. The typhoon track is plotted with solid line segments, and its 

intensity variations are illustrated by the color gradient. Typhoon center locations at 00 UT of each 

day are marked with the date. 

ERA5 reanalysis data were taken from the European Centre for Medium-Range 

Weather Forecasts (ECMWF), and atmospheric thermodynamic parameters (e.g., temper-

ature and humidity) were used to analyze typhoon activities [21]. Here, convective avail-

able potential energy (CAPE), pseudo-equivalent potential temperature (𝜃𝑒), and cloud-

top brightness temperature were employed to verify the correlation between the lightning 

activity and thermodynamic processes within the typhoon. The horizontal spatial resolu-

tion was 0.25° × 0.25°, and the temporal resolution was 1 h. 

Himawari is a geostationary satellite launched by the Japan Meteorological Agency 

(JMA). Its advanced Himawari imager (AHI) has a total of 16 observation channels (3 vis-

ible channels, 3 near-infrared channels, and 10 infrared channels), with center 

https://doi.org/10.3390/rs18213808


Remote Sens. 2026, 18, 3808 5 of 18 
 

https://doi.org/10.3390/rs18213808 

wavelengths covering the 0.47–13.3 μm band, that covers the area of 80°E–160°W, 60°N–

60°S [22]. Typhoon activities in the Western Pacific can be effectively monitored via con-

tinuous observation with high spatiotemporal resolutions [23,24]. Here, the observation 

data from Channel 16 (13.3 μm) were used to analyze the variations in cloud-top bright-

ness temperature (temperature of black body, TBB) of the convective structures. To iden-

tify the changes in the cloud phase state, the brightness-temperature difference (BTD [11–

14]) between the measurements from Channel 11 (8.6 μm) and Channel 14 (11.2 μm) was 

calculated to detect the ice-phase particles at the top of clouds [22,25]. These observation 

data typically have a spatial resolution of 2 km and a temporal resolution of 10 min. 

For the lightning activity analysis at different stages, because the scale and intensity 

of the strong convective boundary of Typhoon Doksuri continuously changed over time 

[17], this boundary had to be dynamically extracted using the data analysis method of 

Zhu et al. [18] and the cloud-top brightness temperature (TBB) data from Himawari-8/9 

and the tropical cyclone best-track dataset from CMA. For example, the strong convective 

boundary of Typhoon Doksuri around 00 UT on 27 July 2023 was extracted as shown in 

Figure 2, and the lightning flashes occurring within the strong convective boundary are 

correspondingly marked on the cloud image. 

 

Figure 2. Extraction process of the strong convective boundary of Typhoon Doksuri around 00 UT 

on 27 July 2023. (a) Himawari-8/9 satellite cloud image with the typhoon center (yellow star) and 

lightning flashes (red crosses), (b) binarized TBB image, (c) clustering results of the convective 

clouds (six clusters are marked with different colors), and (d) the fitted strong convective boundary 

(i.e., the red dashed line). 

In this study, the TBB data covering the typhoon cloud system were first selected, 

and lightning flashes occurring within the 30 min before and after the time point of inter-

est were marked at their corresponding positions on the cloud image (i.e., Figure 2a). To 

highlight the pixels in the region where the strong convective system was located, the TBB 

cloud image was binarized using 228 K as a threshold (Figure 2b), following the same 

criterion adopted by Zhu et al. [18]. This threshold is comparable to the typical TBB values 

of deep convective clouds embedded in typhoon cloud systems, and the strong convective 

areas can be effectively separated from the surrounding stratiform and cirrus regions. The 
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Roberts operator was used to identify edge pixels in the binarized TBB image, and the 

detected edge points were clustered via the DBSCAN method [26]. Figure 2c shows the 

TBB distribution at this moment, which was classified into 6 different clusters, each 

marked with a different color. The centroid was calculated for each cluster, and the dis-

tance between the centroid and the typhoon center was estimated, with only those clusters 

with a distance less than 1000 km retained for the subsequent analysis. After the convec-

tive cloud systems were clustered, convex-hull and concave-hull fittings (i.e., Alpha Shape 

fitting) were performed on the boundary points (Figure 2d), and all lightning flashes were 

marked at the corresponding positions on the cloud image. Considering the probable er-

rors introduced during the data analysis, the obtained boundary of the strong convection 

region was expanded outward by 10 km, which is comparable to the pixel size of the edge 

detection process and to the typical WWLLN location error (~10 km) [15,16]. Finally, the 

strong convective boundary within the typhoon around 00 UT on the 27th was obtained 

and is indicated by dashed lines in Figure 2d. 

To simulate the intracloud electrical processes and lightning activity, the electrifica-

tion module developed by Fierro et al. [4] was implemented into the WRF model. In this 

study, the WRF_4.3.1 model was employed; the configuration schemes for the main phys-

ical parameterization are listed in Table 1, and the domain boundaries are shown in Figure 

3. The NSSL microphysics scheme was employed to simulate intracloud electrical pro-

cesses and lightning activity, and the variations in mixing ratios (or number concentra-

tions) of cloud droplets, raindrops, ice crystals, snow, graupel, and hail (i.e., six categories 

of hydrometeors) were investigated. Inductive and non-inductive charging modules were 

enabled in the innermost grid region, and the charge density and electric field distribution 

in the typhoon cloud systems were simulated within the deep convection process [27]. A 

three-layer nested grid was used during the numerical simulation process, with the hori-

zontal resolutions are set to 6, 2, and 1 km, respectively. In the vertical direction, 47 layers 

were selected, and the maximum altitude was set at ~50 hPa. Based on the analysis results 

from Sakradzija et al. [28] and Bian et al. [29], the cumulus convection parameterization 

scheme was turned off during the numerical simulation in this study, since the selected 

inner nested grid regions are presented with extremely high resolutions (2 km and 1 km). 

In addition, the model simulations were initialized at 18 UT on 26 July 2023 and integrated 

until 02 UT on 27 July 2023. Here, a 6 km horizontal resolution was not considered the 

gray zone, and deep convections on the outer domain (d01) could be poorly resolved with-

out cumulus convection parameterization. For this reason, a sensitivity experiment was 

carried out and the comparison results showed that when the cumulus scheme was turned 

off, the model-simulated typhoon path was close to the reported CMA best track, and the 

large-scale moisture and momentum supply to the inner domains were not materially af-

fected by this treatment. 

Table 1. Physical parameterization schemes and model configurations used in the E-WRF simula-

tion of Typhoon Doksuri. 

Parameter Settings 

Horizontal resolution 6 km, 2 km, 1 km 

Vertical levels 47  

Model top 50 hPa 

Time step 30 s (d01), 10 s (d02), 5 s (d03) 

Grid points 105 × 87 (d01), 283 × 229 (d02), 545 × 437 (d03) 

Boundary-layer scheme YSU [30]  

Longwave radiation scheme RRTMG [31] 

Shortwave radiation scheme Dudhia [32] 

Microphysics scheme NSSL [33] 
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Cumulus convection parameterization scheme None [28,34] 

Land surface scheme Noah [35] 

Surface-layer scheme MM5 [36] 

 

 

Figure 3. Nested domains of the E-WRF simulation for Typhoon Doksuri. The black, blue, and red 

boxes denote the domains of d01, d02, and d03, and their horizontal resolutions are 6 km, 2 km, and 

1 km, respectively. 

3. Results and Discussion 

3.1. Statistical Characteristics of Lightning Activity 

The statistical results for the lightning-density distribution during Typhoon Doksuri 

are plotted in Figure 4. The lightning activity exhibited pronounced intermittent outbreak 

behavior, and intense lightning mainly occurred in the outer rainband region approxi-

mately 200–600 km from the typhoon center. The intense lightning occurred in two time 

periods: from 10 UT on the 23rd to 18 UT on the 25th and from 16 UT on the 26th to 04 UT 

on the 28th. Similar intermittent outbreak behavior of lightning activity in TCs was re-

ported by Squires and Businger [37], and they suggested that the occurrence of intense 

lightning is closely related to the rapid intensification of the typhoon. The time-dependent 

minimum central pressure (MCP) of Typhoon Doksuri is plotted in Figure 4, which shows 

that the MCP of typhoon decreased rapidly between the 23rd and 25th, and the intense 

lightning occurred in the outer rainband (i.e., about 200–600 km from the typhoon center) 

in the same time period, indicating that the occurrence of intense lightning occurred sim-

ultaneously with the rapid intensification of the typhoon. In the second period (16 UT on 

the 26th to 04 UT on the 28th), Typhoon Doksuri experienced a reinforcement process over 

the South China Sea before entering the final landfall stage. In the rapid reinforcement 

stage (00–14 UT on the 27th), there was a good correspondence relationship between in-

tense lightning occurrence and the rapid intensification of the typhoon. However, the in-

tense lightning outbreaks that occurred after 14 UT on the 27th occurred during the land-

fall stage of Doksuri, which corresponded to a rapid decrease in the typhoon’s intensity. 

Thus, the occurrence of intense lightning was indeed closely related to the rapid intensity 

changes in Typhoon Doksuri, with intense lightning outbreaks occurring not only during 

the rapid intensification process but also in the landfall stage. 
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Figure 4. Statistical results of the lightning-density distribution during Typhoon Doksuri activity. 

The number of hourly lightning flashes occurred in each 100 km2 is plotted with different colors. 

The curve shows the time-dependent minimum central pressure (MCP) of the typhoon, and the 

intensity variation in the typhoon is illustrated by the color gradient (the same as Figure 1). 

3.2. Intense Lightning Occurred in the Outer Rainband 

The occurrence of lightning flashes in typhoons indicates the establishment of a 

strong intracloud electric field and the subsequent air-breakdown processes, which are 

often related to the complicated thermodynamic processes in typhoon systems [38,39]. For 

example, in this study, the strongest lightning event occurred in the outer rainband 

around 00 UT on 27 July according to ERA5 reanalysis data and satellite observations. The 

spatial distribution of atmospheric parameters—convective available potential energy 

(CAPE), equivalent potential temperature 𝜃𝑒 at 850 hPa, and cloud-top brightness tem-

perature—was also verified for the lightning flashes shown in Figure 5. Around 00 UT on 

27 July, the center of Typhoon Doksuri was located at 21°N, 120°E, and it was in the early 

stage of re-intensification (Figure 1), with intense lightning flashes (marked as white 

crosses) occurring at 18–21°N, 114–117°E. The strong convective boundary was extracted 

(Figure 2) and is marked as a white dashed line in Figure 5. Figure 5a shows that intense 

lightning occurred within the typhoon’s strong convective boundary, and the atmospheric 

CAPE index around this intense lightning region was in the range of 3500–5000 J/kg, 

meaning that the atmosphere was in an extremely unstable state. Figure 5b shows the 

spatial distribution of equivalent potential temperature 𝜃𝑒 at the 850 hPa isobaric surface. 

In the region with intense lightning, 𝜃𝑒 > 350 K, indicating that the lower atmosphere in 

this region was characterized by a high temperature and high humidity [40]. The satellite 

TBB image in Figure 5c shows that the cloud-top brightness temperature in the intense 

lightning region was extremely low at this moment, with a minimum of ~195 K. Alto-

gether, the analysis results indicate that the satellite-observed clouds with extremely low 

temperatures were convective clouds, and the occurrence of intense lightning outbreaks 

was closely related to deep convection activities in the outer rainband of the typhoon. 
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Figure 5. Spatial distribution of atmospheric thermodynamic parameters around 00 UT on 27 July 

2023: (a) CAPE index (J kg−1), (b) pseudo-equivalent potential temperature 𝜃𝑒 at 850 hPa, and (c) 

cloud-top brightness temperature. In all panels, the typhoon center is marked with a yellow star, 

the strong convective boundary is marked by the dashed white line, and the lightning locations are 

denoted by white crosses. 

During typhoon activity, extreme deep convection may provide favorable thermo-

dynamic conditions for intracloud microphysical electrification processes, and ice crystals 

and graupel particles with different charges can be generated due to the strong upward 

motions [41]. Figure 6 shows that extreme deep convections were accurately observed by 

the Himawari-8/9 satellite around 00 UT on 27 July, and a large number of rapid 

“upwelling” clouds with extremely low TBBs occurred in the intense lightning regions 

(Supplementary Materials, Python script 1: BTD.py). In particular, the measurements 

from the 8.6 and 11.2 μm channels reveal that the minimum brightness temperature was 

less than 180 K in the region of 18–21°N, 114–117°E, indicating that an “anvil cloud” struc-

ture had formed in the tropopause region at this moment due to the deep convection. 

Moreover, the cloud-top brightness-temperature difference (BTD) between the two chan-

nels’ measurements was greater than 1.5 K in this region (Figure 6c). In general, the BTD 

is sensitive to the ice-phase cloud particles, with a TBB (11.2) lower than 235 K and BTD 

[8.6–11.2] greater than 0.5 K indicating ice-phase clouds [20,23]. Combined with the ob-

servation results from the Himawari-8/9 satellite, it can thus be inferred that many ice-

crystal particles existed at the top of deep convective clouds, and the occurrence of intense 

lightning in the outer rainband was closely related to the extreme deep convections. 

 

Figure 6. Cloud-top brightness temperature measured by Himawari-8/9 for Typhoon Doksuri ac-

tivity around 00 UT on 27 July 2023: (a) 8.6 μm channel, (b) 11.2 μm channel, and (c) brightness 

temperature difference BTD [8.6–11.2] between the two channels. In all panels, the typhoon center 

is marked with a yellow star, and lightning locations are marked with red crosses. 
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To further verify the correlations observed between intense lightning outbreaks and 

extreme deep convections, the spatial distribution of atmospheric microphysical parame-

ters was simulated with the E-WRF model (Supplementary Materials, Python script 2: 

WRF_ELEC.py) using the physical parameterization schemes listed in Table 1. Figure 7a 

shows that in the region of 19–21°N, the atmospheric vertical velocity 𝜔 was positive at 

altitudes of 2–15 km, with a maximum of ~6 m/s; that is, the air maintained an updraft in 

the region with the intense lightning outbreak. It should be noted that this model outputs 

maximum vertical velocity (~6 m/s) as a cross-section-averaged value, and the instantane-

ous updrafts in convective cores were considerably stronger. This was independently con-

firmed by the observation images from Himawari-8/9 for the same time points (Figure 6). 

The simulation results are consistent with the analysis results shown in Figures 5a and 6. 

The simulated water vapor distribution (Figure 7b) shows that the maximum water vapor 

mixing ratio reached ~7.8 g/kg in the temperature layer between 0 and −20 °C (altitude of 

5–8 km), indicating that the abundant water vapor provided a sufficient source for the 

deposition growth and riming process of the ice-phase particles during the satellite-ob-

served upwelling motions. The spatial distribution of ice particles and graupel particles is 

plotted in Figure 7c,d, respectively. The maximum mixing ratios were 0.54 and 1.0 g/kg, 

respectively, in the altitude range of 5–15 km, proving that large amounts of ice particles 

and graupel particles were indeed generated due to the deep convections. Moreover, the 

intracloud electric field was simulated with the E-WRF model for the region of 18–22°N, 

115–120°E, and the spatial distribution of the charge density and electric field is shown in 

Figure 8. The vertical distribution of total charge density (Figure 8a) presented a typical 

“positive–negative–positive” tripole charge distribution structure. Negative charges oc-

curred at the temperature layer between 0 and −20 °C (altitude of 5–8 km), and positive 

charges were distributed above and below this temperature layer. In Figure 8b, the simu-

lated electric field on the 495 hPa surface (altitude of about 5.6 km) shows that a strong 

electric field existed in the region of 19–20°N, 116–117°E, and the maximum field reached 

~150 kV m−1. This is a point maximum within the cross-section rather than a grid-cell 

mean, and this maximum is comparable to the typical breakdown thresholds (100–150 

kV/m) that were actually observed within thunderstorm clouds at similar altitudes [38,39], 

indicating that the intracloud electric field established via constant charge accumulation 

was strong enough to trigger intense lightning. 

Combining the analysis results shown in Figures 5–8, it can be concluded that the 

occurrence of the intense lightning on the left side of Figure 5 can be attributed to the deep 

convective activity in the outer rainband of the typhoon. During the strong upward mo-

tion (Figure 6), abundant water vapor provided a sufficient source for the generation of 

ice-phase particles, and then graupel particles settling due to gravity collided with the 

ascending ice crystals and completed charge exchange within the low-temperature layer 

(i.e., between 0 and −40 °C), ultimately forming the typical “positive–negative–positive” 

tripole charge distribution structure inside the deep convective clouds, and intense light-

ning was triggered, while the established intracloud electric field was stronger than the 

breakdown thresholds. This is a typical intense lightning phenomenon that is accompa-

nied by deep convections during typhoon activity, and its outbreak can thus be inter-

preted using the non-inductive charging mechanism. For the intense lightning flashes 

near 15°N in Figure 5, they occurred outside the strong convective boundary, and their 

occurrence should not directly correlate with the atmospheric activities inside the main 

cloud system of the typhoon. 

https://doi.org/10.3390/rs18213808


Remote Sens. 2026, 18, 3808 11 of 18 
 

https://doi.org/10.3390/rs18213808 

 

Figure 7. Vertical distribution of microphysical parameters simulated with the E-WRF model: (a) 

atmospheric vertical velocity 𝜔, (b) water vapor mixing ratio, (c) ice mixing ratio, and (d) graupel 

mixing ratio. The 0 °C, −20 °C, and −40 °C isotherms are marked with dashed lines in all panels. 

 

Figure 8. Intracloud electric field simulated by the E-WRF model in the region of 18–22°N, 115–

120°E around 00 UT on 27 July 2023. (a) Vertical distribution of total charge density and (b) hori-

zontal distribution of electric field on the 495 hPa surface. The 0 °C, −20 °C, and −40 °C isotherms 

are marked with dashed lines in panel (a). 

Next, the intense lightning phenomena that occurred in the outer rainband (Figure 

4) at 18 UT on the 23rd and at 03 UT on the 28th were analyzed. The center of Typhoon 

Doksuri was located at 15°N, 127°E around 18 UT on the 23rd, and intense lightning oc-

curred simultaneously in the outer rainband (200–600 km) to the southwest and southeast 

of the typhoon center (Figure 9). At this moment, the typhoon was in the rapid intensifi-

cation stage (Figure 1), and its outer rainband approached Luzon Island in the southwest 

direction of the typhoon center. The atmospheric thermodynamic conditions for the in-

tense lightning occurrence in these two regions were determined: around the intense light-

ning flashes to the southeast of the typhoon center, the maximum CAPE index was greater 

than 3500 J/kg, the cloud-top brightness temperature was 185–200 K, and the potential 
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temperature 𝜃𝑒 was higher than 340 K. Moreover, Himawari-8/9 observations show that 

typhoon clouds in this region were undergoing relatively strong upwelling motions. Sim-

ilar to the intense lightning phenomenon shown in Figure 5, the occurrence of intense 

lightning in this region can be attributed to the deep convections in the outer rainband of 

the typhoon. However, for the intense lightning over Luzon Island, no extreme atmos-

pheric thermodynamic conditions were found (Figure 9), and the CAPE index was less 

than 1800 J/kg and the cloud-top brightness temperature was higher than 220 K. Thus, the 

intense lightning flashes above Luzon Island cannot be simply attributed to the extreme 

thermodynamic instability in the outer rainband, although intense lightning flashes did 

also occur inside the strong convective boundary. According to the typhoon track infor-

mation (Figure 1), around this time point, the spiral rainband of Doksuri swept over Lu-

zon Island while the typhoon was moving northwestward. The local underlying-surface 

forcing may have contributed to these outbreaks, and the near-shore frictional conver-

gence associated with the landfalling rainband may have strengthened the local updrafts 

[8,10]. That is, the orographic lifting over Luzon Island and the island thermal effect may 

be plausible additional modulators, but the 0.25° ERA5 data cannot resolve these pro-

cesses [42,43]. 

 

Figure 9. Spatial distribution of atmospheric thermodynamic parameters for the intense lightning 

phenomenon around 18 UT on 23 July 2023: (a) CAPE index (J kg−1), (b) pseudo-equivalent potential 

temperature 𝜃𝑒 at 850 hPa, and (c) cloud-top brightness temperature. In all panels, the typhoon 

center is marked with a yellow star, the strong convective boundary is marked by the dashed white 

line, and the lightning locations are denoted by white crosses. 

The atmospheric thermodynamic conditions around the intense lightning phenome-

non that occurred around 03 UT on 28 July and the analysis results are shown in Figure 

10. The ambient potential temperature 𝜃𝑒 was maintained at a high temperature of 350–

360 K (Figure 10b), the cloud-top brightness temperature was below 210 K (Figure 10c), 

and the maximum CAPE index was less than 1000 J/kg (Figure 10a). These results indicate 

that the lower atmosphere was characterized by a high temperature and high humidity, 

while it maintained a relatively stable thermodynamic state in the vertical direction. 

Therefore, the occurrence of intense lightning flashes was not directly related to strong 

deep convection inside the typhoon, although they also occurred inside the strong con-

vective boundary. At this time point, Typhoon Doksuri was in the landfall stage, with its 

center located at 25°N, 118°E. Similar to the analysis results for the intense lightning that 

occurred above Luzon Island (Figure 9), local intracloud microphysical processes may 

have been modified by the effects of underlying-surface forcing and thermal islands, and 

favorable conditions facilitated the formation of intense lightning [8,43]. 
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Figure 10. Spatial distribution of atmospheric thermodynamic parameters for the intense lightning 

phenomenon around 03 UT on 28 July 2023: (a) CAPE index (J kg−1), (b) pseudo-equivalent potential 

temperature 𝜃𝑒 at 850 hPa, and (c) cloud-top brightness temperature. In all panels, the typhoon 

center is marked with a yellow star, the strong convective boundary is marked by the dashed white 

line, and the lightning locations are denoted by white crosses. 

3.3. Intense Lightning Occurred in the Inner-Core Region 

Some of the observational and theoretical analysis results indicate that during rapid 

intensification, typhoon development may be accompanied by intense lightning out-

breaks in the inner-core region, thus serving as an auxiliary diagnostic signal in typhoon 

forecasting [11,44]. In this study, the correspondence between the inner-core lightning 

phenomena (flashes within 100 km of the typhoon center (Figure 4)) and changes in ty-

phoon intensity was investigated; the results are shown in Figure 11. During both rapid 

intensification processes of Typhoon Doksuri (corresponding to the rapid decreases in the 

MCP curve), intense lightning phenomena occurred in the inner-core region, namely in 

the time period from 06 UT on 23 July to 00 UT on 25 July. During this period, Doksuri 

intensified rapidly from a typhoon into a super typhoon (shown in Figure 1), the MCP 

rapidly decreased to ~915 hPa (Figure 11), and intense lightning flashes occurred in the 

inner-core region with a maximum lightning frequency of 38 flashes/hour. During 01–17 

UT on 27 July, Typhoon Doksuri re-intensified over the South China Sea, the MCP rapidly 

decreased from 950 to ~928 hPa, and intense lightning flashes occurred again in the inner-

core region. 

 

Figure 11. Statistics of hourly lightning flashes (blue bars) in the inner-core region (0–100 km from 

the center) of Typhoon Doksuri during 21–29 July 2023. The solid black curve shows the time-de-

pendent minimum central pressure (MCP) of the typhoon. Time intervals between the intense light-

ning flashes and the typhoon intensity peaks are marked with dashed red lines. 
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Next, the occurrence of the intense lightning outbreaks was investigated by verifying 

the atmospheric thermodynamic conditions inside the typhoon. Continuous upwelling 

motions in the inner-core region were observed by the Himawari-8/9 satellite (@8.6 and 

11.2 μm channels) around 08:40 UT on 23 July, and the TBB of deep convective clouds was 

lower than 191 K, and the BTD [8.6–11.2] was greater than 0.5 K (Figure 12). Moreover, 

intense lightning flashes occurred at the boundary of the deep convective cloud layers. 

Similar to the analysis results shown in Figure 5, the intense lightning outbreaks that oc-

curred around 08:40 UT on 23 July (Figure 12) were mainly attributed to the drastic 

upwelling motions in the inner-core region during the typhoon’s rapid intensification. 

 

Figure 12. Cloud-top brightness temperature in the inner-core region observed by Himawari-8/9 

around 08:40 UT on 23 July 2023: (a) 8.6 μm channel, (b) 11.2 μm channel, and (c) brightness tem-

perature difference BTD [8.6–11.2] between the two channels. In all panels, lightning locations are 

marked with red crosses. 

The intense lightning flashes that occurred in the inner-core region during 01–17 UT 

on 27 July were analyzed. Typhoon Doksuri experienced a small-scale eyewall replace-

ment during this time period, and the TBB values of spiral updraft clouds outside the 

eyewall and subsiding airflow inside the eyewall were BT(11.2) ≤195 K and BT(11.2) > 240 

K, respectively. This special atmospheric environment formed during the adjustment of 

the typhoon’s internal structure, and the spiral updrafts outside the eyewall may have 

provided favorable thermodynamic conditions for non-inductive electrification. In fact, 

Figure 13c shows that these intense lightning flashes occurred in the convergence region 

of the inner and outer airflows, and the BTD [8.6–11.2] values were 0–0.5 K in this region. 

Therefore, these intense lightning flashes that occurred in the re-intensification stage (01–

17 UT on 27 July) should be related to the pronounced adjustment of the typhoon’s inter-

nal structure rather than the rapid intensification process. 
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Figure 13. Cloud-top brightness temperature in the inner-core region observed by Himawari-8/9 

around 16:10 UT on 27 July 2023: (a) 8.6 μm channel, (b) 11.2 μm channel, and (c) brightness tem-

perature difference BTD [8.6–11.2] between the two channels. In all panels, lightning locations are 

marked with red crosses. 

Indeed, during rapid intensification or eyewall replacement, typhoons are often ac-

companied by intermittent intense lightning in the inner-core region, and these lightning 

outbreaks can serve as an auxiliary diagnostic signal [3,11]. Price et al. [5] found that there 

was a temporal correlation between intense lightning phenomena in the inner-core region 

and the rapid intensification of the typhoon and that the occurrence of intense lightning 

was typically detected ahead of the maximum hurricane intensity by ~24 h. A similar con-

clusion was made by Fierro et al. [45] in their analysis of the rapid intensification of At-

lantic Hurricanes Rita and Katrina (2005); they reported that the occurrence of intense 

lightning in the inner-core region preceded the typhoon intensity peak by 24–48 h. Re-

garding the inner-core intense lightning outbreaks during Typhoon Doksuri, the maxi-

mum hourly flash count preceded the typhoon intensity peak by about 14–41 h during the 

first rapid-intensification episode, whereas it occurred ~9 h after the typhoon peak during 

the re-intensification episode (Figure 11). However, the intense lightning phenomenon 

around 16 UT on 27 July (Figure 13) occurred almost simultaneously with the typhoon 

intensity peak, which was maintained for ~6 h before it rapidly decreased. Thus, the oc-

currence of intense lightning in the inner-core region cannot always be used as an accurate 

predictor of the rapid intensification of a typhoon. 

4. Conclusions 

Using lightning observation data from the World-Wide Lightning Location Network 

(WWLLN), ERA5 reanalysis data, and cloud-image data from the Himawari-8/9 satellite, 

intense lightning phenomena that occurred during the lifetime of Super Typhoon Doksuri 

(2023) were analyzed, which yielded the following main results: 

1. Lightning activity in the typhoon’s outer rainband exhibited an intermittent out-

break feature. The occurrence of intense lightning was mainly ascribed to deep convec-

tions, and the violent vertical motions inside the typhoon provided favorable thermody-

namic conditions (i.e., a high CAPE index, abundant water vapor, and an extremely low 

cloud-top brightness temperature) for the formation of intense lightning through the non-

inductive charging mechanism. 

2. The occurrence of inner-core intense lightning was closely related to the rapid in-

tensification of the typhoon and the adjustment of its internal structure. In the first rapid-

intensification episode, intense inner-core lightning preceded the typhoon intensity peak 

by about 14–41 h, whereas it occurred ~9 h after the typhoon peak during the re-intensifi-

cation episode. Inner-core lightning may therefore serve as a potential precursor of a ty-

phoon’s rapid intensification, but its predictive value is conditional rather than universal. 

Numerical simulations of the formation of intense lightning flashes were conducted 

using the E-WRF model, and the observed intense lightning phenomena were interpreted 

based on the non-inductive charging mechanism. Deep convections inside the typhoon 

provided a favorable environment for intracloud microphysical electrification processes, 

and intense lightning was triggered when the established intracloud electric field was 

stronger than the breakdown thresholds. In the typhoon’s landfall stage, the orographic 

lifting and island thermal effects may have contributed to the intense lightning outbreaks. 

In recent decades, due to global warming, typhoon activity and intensity have shown in-

creasing trends in the Western Pacific [46]. Research on the regional characteristics and 

formation mechanisms of lightning activity in typhoons contributes to our understanding 

of lightning phenomena in special meteorological systems and to typhoon forecasting 
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over the South China Sea. In the future, typhoon-associated lightning phenomena should 

be further studied using experimental observations from multiple instruments and theo-

retical simulations from different models; the effects of orographic lifting and thermal is-

lands should also be further investigated. 

Supplementary Materials: The following supporting information can be downloaded at: 

https://www.mdpi.com/article/10.3390/rs18213808/s1, Python (PyCharm_2025.1.1.1) scripts used in 

this study are available at: https://doi.org/10.5281/zenodo.22205936, Python script 1: BTD.py; Py-

thon script 2: WRF_ELEC.py. 
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