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Abstract 30 

 31 

Although a number of studies have been conducted of the lightning activity in 32 

hurricanes and typhoons, little information has been obtained on the 3-dimensional 33 

structure of the lightning, or how it is related to the precipitation structures within the 34 

storms. Here we utilize observational data from the 3-D Tokyo Lightning Mapping Array 35 

(Tokyo LMA), a Japan Meteorological Agency C-band Doppler radar, and the Japanese 36 

Lightning Detection Network (JLDN) to conduct a study of the lightning activity during 37 

Typhoon Faxai (2019) in comparison with the storm’s precipitation structure. This is done 38 

for the dissipating stage of the typhoon, when the eyewall was well within the range of 39 

the instruments and undergoing a surge in lightning activity. Of particular interest in the 40 

surge was the occurrence of numerous positive cloud-to-ground (+CG) lightning flashes. 41 

Detailed study of the Tokyo LMA and JLDN data show that, out of 52 flashes during the 42 

surge, 29 flashes or 56% produced positive strokes to ground, an unheard-of number 43 

considering that, from the lightning and 3-D radar structures, the storm appeared to be 44 

normally-electrified, and under such circumstances would produce negative rather than 45 

positive strokes to ground. It also focuses attention on the question of how +CGs are 46 

produced in tropical cyclones in the first place. Based on a lack of −CG strokes and the 47 

LMA observations showing that the +CG strokes are produced mid-way or toward the end 48 

of normal-polarity intracloud (IC) flashes, it appears that the dissipating storm cells have 49 
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a depleted or horizontally-sheared mid-level negative charge, such that an IC flash 50 

propagating into and through upper positive storm charge effectively funnels a steadily 51 

increasing amount of positive charge into the mid-level initiation region, eventually 52 

causing the positive breakdown of the IC flash to turn downward toward ground, 53 

producing a +CG stroke. 54 

 55 

Keywords  Lightning, Lightning Mapping Array, typhoon, positive cloud-to-ground 56 

lightning  57 

58 
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1. Introduction 59 

Tropical cyclones (TCs) are one of the most destructive natural phenomena on Earth and 60 

are regularly related to the loss of life as well as extensive property damage. Lightning has 61 

been observed in many TCs (e.g., Black and Hallett 1999; Molinari et al. 1999; Nakano et 62 

al. 2011; Price et al. 2009). Price et al. (2009) found that an increase in lightning frequency 63 

in TCs preceded the intensification of their maximum sustained winds and minimum 64 

pressures approximately one day before the peak winds. They suggested that monitoring of 65 

lightning activity within a TC might be useful for predicting TC intensification. 66 

Most lightning discharges in TCs have been observed in the eyewall and outer-rainband, 67 

with relatively few being observed in the inner-rainband (e.g., Molinari et al. 1999; Nakano 68 

et al. 2011; Yokoyama and Takayabu 2008). Zhang et al. (2012) reported that the radial 69 

distribution of the lightning varies with the intensity of TCs. They suggested that the lightning 70 

activity in TCs is closely related to the internal structure of their precipitation system. 71 

However, there are only a few observational reports on the relationship between the lightning 72 

activity and the three-dimensional (3-D) structure of precipitation systems in TCs. Squires 73 

and Businger (2008) reported case studies of the vertical structure of precipitation in the 74 

eyewall; there was deep convection in the eyewall region and enhanced reflectivities above 75 

the melting layer with a gradual decrease of reflectivity with height. Fierro et al. (2011) 76 

utilized observations of large-amplitude narrow bipolar events (NBEs) to study lightning in 77 

the eyewall of Hurricanes Rita and Katrina (2005) using the Los Alamos Sferic Array (LASA). 78 
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The observations revealed a general increase in discharge heights during the rapid 79 

intensification period of convective elements in the eyewall. 80 

A few studies have been conducted concerning the polarity of cloud-to-ground (CG) 81 

lightning in TCs. Samsury and Orville (1994) investigated the polarity of CGs in hurricanes 82 

Hugo and Jerry (1989), and reported that more than 20% of CGs were positive in both 83 

hurricanes. Similar results were reported by Zhang et al. (2012), who analyzed 18 typhoons. 84 

Thomas et al. (2010) investigated the polarity of CGs in the eyewall of hurricanes Emily, 85 

Katrina, and Rita (2005) using the World Wide Lightning Location Network (WWLLN), and 86 

found that a high frequency of positive CGs occurred in the decaying stage of the hurricanes. 87 

If high frequencies of positive CGs occur commonly in eyewall of decaying stage of TCs, 88 

monitoring of positive CGs might be useful for predicting TC decay. Additional case studies 89 

or statistical analyses of the relationship between the TC phase and the occurrence of high 90 

percentage of positive CG in the eyewall would further help in the validation. Additionally, 91 

analysis of the internal structure of precipitation systems in the eyewall has been needed to 92 

clarify the mechanism by which the positive CGs are produced.  93 

Typhoon Faxai (T1915) struck the Kanto region of Japan during September 8 and 9, 2019, 94 

producing many lightning discharges. 3-D observations of the total lightning activity in the 95 

typhoon were obtained using the Tokyo Lightning Mapping Array (Tokyo LMA), which has 96 

been set up and operated in the Tokyo metropolitan area by the National Research Institute 97 

for Earth Science and Disaster Resilience (NIED) beginning in March 2017 (Sakurai et al. 98 
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2021). The objective of the present study is to describe the characteristics of the lightning 99 

activity in comparison with the internal structure of precipitation in the eyewall, using data 100 

from the Tokyo LMA, the Japan Meteorological Agency (JMA) C-band Doppler Radar (CDR), 101 

and the Japanese Lightning Detection Network (JLDN). 102 

 103 

2. Data and Method 104 

2.1 Tokyo Lightning Mapping Array 105 

The Tokyo LMA consists of 12 stations (Sakurai et al. 2021), (Fig. 1), eight of which 106 

monitored the lightning during the typhoon. Each sensor detects the arrival time of impulsive 107 

very-high-frequency (VHF) radiation produced by electrical breakdown as the lightning 108 

propagates through a thunderstorm (Rison et al. 1999; Thomas et al. 2004). Peak events 109 

are detected in successive 80 µs time windows for signals above a threshold value. The 110 

stations of the Tokyo LMA are distributed over a 90 km diameter area and can detect 111 

lightning activity as far as 200-300 km distance from the center of the network (Fig. 3b). The 112 

system typically locates tens to several hundred VHF sources per flash, which reveals the 113 

development of individual flashes and helps in identifying their type. 114 

 115 

2.2  JMA C-band Doppler radar 116 

Data from the CDR was used to determine the internal structure of the precipitation 117 

systems in T1915. The radar was operated by JMA at the Kashiwa station and provided 118 
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observations out to a radius of 150 km (Fig 1). It scanned the typhoon in Plan Position 119 

Indicator (PPI) scan mode with 26 elevation angles between 0 and 25° and measured the 120 

horizontal reflectivity ZH, with a volume scan time of 10 min. The ZH values were interpolated 121 

into a cartesian grid system (Cressman 1959) having a spatial resolution of 1 km horizontally 122 

and 250 m vertically. 123 

 124 

2.3  Japanese Lightning Detection Network 125 

The JLDN observations were used to investigate lightning ground strike locations and the 126 

peak currents of strokes. JLDN consists 31 LF-band sensors and provides coverage over 127 

all of Japan. The reported uncertainty of the JLDN locations is less than 500 m and the 128 

minimum peak current of lightning discharges detected by JLDN is approximately 3--5 kA 129 

(https://www.franklinjapan.jp/en/jldn/). 130 

 131 

3. Results 132 

3.1 Overview 133 

Figures 2 and 3 provide an overview of the lightning activity that occurred as the typhoon 134 

passed over the Kanto area, and how the activity was related to the typhoon’s life cycle. 135 

T1915 developed from a tropical depression into a typhoon in the sea south of 136 

Minamitorishima at 03 JST on September 5, 2019, and its central pressure decreased to 137 

955 hPa at 03 JST on September 8, 2019 (Figs. 2b, 3a). Simultaneously, the maximum wind 138 

https://www.franklinjapan.jp/en/jldn/
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speed around the center of the typhoon increased to 45 m s-1. The typhoon began to decay 139 

at 09 JST on September 9 (Fig. 2b), and subsided into an extratropical cyclone at 09 JST 140 

on September 10.  141 

Lightning started to be detected in the typhoon by the Tokyo LMA at 1524 JST on 142 

September 8 (initial burst of sources in Fig. 2a), while the typhoon was ~300 km south of 143 

the Tokyo LMA (southern-most dark blue sources in Fig. 3b). Figure 3c shows the typhoon’s 144 

radar-observed precipitation structure at 1901 JST on September 8, along with the location 145 

of the lightning sources at that time (black ‘x’ symbols in Fig. 3c, and some of the light green 146 

sources in Fig. 3b). Close examination of Fig. 3c shows that the lightning was occurring 147 

primarily in the developing eyewall of the typhoon, with a lesser amount in an inner rainband. 148 

At this point the typhoon was centered ~230 km south of the Tokyo LMA.  149 

After a four-hour quiescent period or `lull’ in the LMA observations, the lightning activity 150 

started up again, this time primarily in the eastern-most outer rainband (second burst of 151 

activity in Fig. 2a and the orange sources in Fig. 3b). During this time (0200 to 0500 on 152 

September 9) the typhoon had an axi-symmetric eyewall structure (Fig. 3d) and propagated 153 

over Tokyo Bay and the Kanto region. Although a small amount of lightning occurred in the 154 

eyewall during this time, the main activity was in the eastern outer rainband. Four hours later, 155 

as the typhoon weakened and moved offshore east of Ibaraki prefecture (Fig. 3e), a third 156 

burst of lightning occurred in the expanded eyewall structure (red sources in Fig. 3b and the 157 

final activity in Fig. 2a). As can be seen from Fig. 2b, the final lightning activity occurred as 158 
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the typhoon transitioned from its mature stage to the decaying stage. 159 

In summary, the observations show that the lightning was episodic in nature, with each 160 

episode lasting about 4 hours (Fig. 2a) and occurring at different stages in the typhoon’s life 161 

cycle. A total of 7,152 VHF sources were detected by 7 or more stations during the episodes, 162 

with the detection efficiency increasing as the typhoon approached and passed by the Tokyo 163 

LMA. There were fewer lightning sources in the inner-rainband than in the eyewall or the 164 

outer-rainband, in agreement with the radial distribution of lightning activity in TCs reported 165 

by earlier studies (e.g., Molinari et al. 1999; Nakano et al. 2011; Yokoyama and Takayabu 166 

2008).  167 

 168 

3.2. Lightning Observations 169 

Figure 4 shows an overview of the total lightning activity during the final, decaying stage of 170 

the typhoon, as determined by the Tokyo LMA and the JLDN. The Tokyo LMA observations 171 

are colored both as a function of time (Fig. 4a) and by the logarithmic density of sources 172 

(Fig. 4b). A total of 55 flashes occurred between 0643 and 0858 JST (2:15 hours) on 173 

September 9, corresponding to an hourly flash rate of ~24/hour. During this time the JLDN 174 

detected 52 of the flashes, with 36 of the flashes reported as being CG discharges and 16 175 

reported as being intracloud (IC) flashes. The total number of JLDN sferic events was 278, 176 

corresponding to an average of ~5 events per flash. Of the 36 CGs, 32 were reported by the 177 

JLDN as being +CG flashes and 4 were reported as –CGs. Comparing the JLDN events on 178 
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a flash-by-flash basis with the more detailed observations by the Tokyo LMA (e.g., Fig. 6) 179 

shows that in actuality there were 29 +CG flashes and only one −CG flash, with 3 of the 180 

JLDN-indicated +CG flashes and 3 of the −CG flashes being mis-identifiied IC flashes (Table 181 

1). Thus, 29/52 or 56% of the total number of flashes were +CGs, with the +CGs being about 182 

1.3 times more numerous than IC flashes.  183 

The JLDN-detected sferic events are presented in histogram form in Fig. 5. Sferic counts 184 

for positive and negative CG events are shown in the upper right and left quadrants, 185 

respectively, as a function of their peak currents. IC events of positive and negative polarity 186 

are shown in the lower quadrants and occur in much larger numbers, as indicated by the 187 

different vertical scale. Overall, the histograms graphically illustrate the dominance of +CG 188 

events in the eyewall of decaying stage of the typhoon, and the wide range of their peak 189 

currents (~30 to ~130 kA ). Events having peak currents less than +20 kA are known as 190 

`weak positive' events (pink colors), and are mis-identified +IC events, as evidenced by their 191 

incidence rate vs. peak current being the same as that of the +IC events, and constituting a 192 

small fraction of the much larger number of +ICs. It is well known that weak positive events 193 

are mis-identified +IC events produced by normal-polarity IC flashes, due to their sferics 194 

being similar and difficult to distinguish between (Cummins et al., 1998; Cummins and 195 

Murphy, 2009). 196 

Similarly considered to be in the IC category are the relatively weak –CG events (light blue 197 

colors in Fig. 5). This is determined in part by their peak currents being weak (less than 10 198 
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kA), and/or by the LMA observations showing that the events occurred within the first ms or 199 

so of the flashes, with insufficient time for a downward negative leader to propagate to 200 

ground. (An example of an incorrectly identified weak negative CG event is seen at the 201 

beginning of the example flash of Fig. 6, where it is also substantially mis-located.) Instead, 202 

there was only one actual –CG flash (the 37th flash at 08:16:49 JST in Fig. 4). The flash 203 

produced multiple strokes to ground, and the second was doubly-detected as a 38/39 kA –204 

CG stroke. From the LMA observations, and as discussed further below, the −CG flash was 205 

immediately preceded by a strong, doubly-detected +CG flash, which would have 206 

diminished the storm's positive charge, possibly allowing (or causing) the next flash to be a 207 

−CG. The dearth of −CG flashes in the eyewall of decaying stage of the typhoon is 208 

additionally indicated by the lack of LMA sources that are produced between the IC flashes 209 

and ground. That downward leaders of –CG strokes are readily detected by the Tokyo LMA 210 

has been documented in the study of lightning by Sakurai et al. (2021).  211 

It should be noted that six of the high-peak current +CG counts in Fig. 5 were doubly-212 

detected +CG strokes. Such doubly-detected events occur within a few microseconds of 213 

each other, and are readily recognized as corresponding to a single stroke. The double 214 

detections are caused by the strong sferic of the +CG stroke being located by two 215 

independent sets of JLDN stations, and is often seen in U.S. National Lightning Detection 216 

Network (NLDN) data. However, they are readily identified and affect only the stroke/event 217 

counts, but not the number of flashes. Finally, if the weak –CG events in the JLDN data were 218 
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taken at face value, 8 of the 29 +CG flashes would have included a negative ground stroke, 219 

making them appear to be hybrid +CG/–CG flashes (Table 1). Thus, determining flash 220 

statistics from sferics data alone would be misleading for understanding the typhoon 221 

lightning. At the same time, the VHF LMA observations alone would not have been able to 222 

distinguish between IC and CG events in the storm. 223 

The combination of the LMA and JLDN show that the positive strokes typically occurred 224 

partway through the flashes. Their occurrence was further confirmed by characteristic 225 

reinvigoration or `blooming’ of the LMA activity radially away from the extremities of 226 

branches in different directions around the plan location of the positive stroke. Figure 6 227 

shows an example of such blooming following a 117 kA +CG stroke. This was the third flash 228 

in the decaying sequence of Fig. 4, and occurred at 06:55:38 JST on September 9. As with 229 

all the flashes in the decaying system, the 06:55:38 flash was a normal-polarity intracloud 230 

discharge, beginning with upward negative breakdown into and horizontally through upper 231 

positive charge in the storm. The JLDN located three events within the first millisecond of 232 

the flash, the 1st and 3rd of which were 17 and 14 kA +IC events, with their positive polarity 233 

consistent with being produced by upward negative breakdown. The 2nd event was 234 

classified as a 14 kA –CG stroke, but is an example of a mis-classified −CG. This is indicated 235 

by occurring at the very beginning of the flash, too early for a downward leader to reach 236 

ground and, in this case, being substantially mis-located, ~30 km to the NW of the other 237 

activity during the flash (black triangle in the plan view of Fig. 6). The ensuing +CG stroke 238 
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occurred about 200 ms into the flash (black X marker in each of the panels) and was 239 

correctly located by the JLDN. Significantly, and as will be discussed in more detail later, the 240 

+CG strike point was in close proximity to the plan flash initiation region. The post-stroke 241 

blooming is outlined by dashed areas in the plan view, which contain the yellow-orange-red 242 

sources following the positive stroke in the height-time panel. The blooming is caused by 243 

ground potential being introduced into the storm by the energetic return stroke of +CG 244 

flashes, which substantially reinvigorates the breakdown, extending the channels in space 245 

and time. In this case a new and extensive branch was initiated close to the flash initiation 246 

point that developed over a large area to the east and north. 247 

Finally, an interesting feature of the observations concerns the lone –CG flash which, as 248 

discussed above, occurred at 08:16:49 JST as the 37th flash in the storm. In particular, the 249 

flash occurred one-half second after and in the exact same location and altitude as flash 36, 250 

which produced a strong, doubly-detected 32/26 kA +CG stroke to ground. This preceding 251 

stroke would have deposited negative charge in the storm’s upper positive charge region 252 

which, combined with any other negative charge, might have caused or assisted in the 37th 253 

flash being a –CG. Four minutes later flash 38 occurred, again in the same location as the 254 

two previous flashes. This was a long-lasting ~600 ms duration flash that produced a prolific 255 

number (12) of weak positive and negative IC events, in the middle of which a single, high 256 

current (+63 kA) event occurred. Instead of being classified as a +CG, it was classified as a 257 

+IC event. It is seen in the bottom right quadrant of the histogram plot of Fig. 5, but almost 258 
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certainly a mis-classified +CG whose sferic waveform may have been made more complex 259 

by the unusual preceding activity. In any case, the complexity of the overall three-flash 260 

sequence is indicative of the substantial effect of lightning charge deposition altering the 261 

electrical charge structure and lightning activity in storms (e.g., Coleman et al., 2003; 262 

Brothers et al., 2018). 263 

 264 

3.3 Comparison with Radar Observations 265 

The internal structure of precipitation systems in the eyewall of T1915 was investigated 266 

using the JMA CDR installed at Kashiwa (Fig. 1). Figure 7 shows how the lightning activity 267 

was related to the radar-derived reflectivity and precipitation structure during a 10 minute 268 

time interval between 0700 to 0710 JST on September 9. The comparison shows that the 269 

lightning was occurring on the eastern side of the partial eyewall structure, where 30 dBZ 270 

reflectivity extended up to about 10 km altitude (Figs. 7a,c). 35 dBZ reflectivity extended up 271 

to about 7 km altitude in the convective core, which implies that not only ice crystals and 272 

super-cooled droplets but also graupel existed in the deep convection. Three lightning 273 

flashes occurred during the 10 min time interval, in particular the 5th, 6th and 7th flashes of 274 

the overview plots of Fig. 4. In each case, the flashes began by discharging upper positive 275 

charge at ~8–10 km altitude above the convective core, where the reflectivity was between 276 

30 and 20 dBZ, then progressed northward and downward to between ~6 and 8 km altitude 277 

(black arrow in Fig. 7c), following the 30-20 dBZ contours. Similar downward development 278 
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was observed during the flash of Fig. 6, which occurred in the same location ~4 min before 279 

the 3-flash eyewall sequence. The altitude descent with northward propagation is consistent 280 

with the upper positive charge being advected northward by the typhoon’s counter-clockwise 281 

rotation, and downward by the 20–30 dBZ contours decreasing in altitude off to the side of 282 

the core. In this altitude and reflectivity regime, the temperature would have been –30o C, 283 

and the hydrometeors would have consisted of crystalline ice particles and frozen cloud 284 

droplets, which are the carrier of upper positive charge in electrified storms.  285 

To investigate the relationship between the vertical development of the precipitation and 286 

the lightning activity, a statistical analysis was conducted of the correlation between the 30 287 

dBZ echo top height and the lightning activity vs. time and location. The analysis period was 288 

the duration in which the center of T1915 was within range of the CDR (Fig. 1), and the 289 

analysis area was within 100 km of the typhoon’s center. The Critical Success Index (CSI) 290 

of a positive correlation between 30 dBZ echo top height and the occurrence of lightning 291 

detected by the Tokyo LMA was 0.63 when echo top height of 30 dBZ exceeded 11 km. In 292 

addition, the CSI was 0.46 (0.59) when the height of 30 dBZ exceeded 9 km (10 km). Overall, 293 

the results support the premise that lightning developed in convective cells where ice 294 

crystals, graupel, and super-cooled cloud droplets were present to produce electrification by 295 

the non-inductive graupel-ice mechanism (Takahashi 1978). 296 

 297 

3.4 Flash Extents  298 
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The spatial extent of the VHF lightning sources can be regarded as a proxy of the extent 299 

of the charge region in storms having low flashing rates, since the flashes tend to propagate 300 

through the full extent of the charge regions. Figure 8 shows the distribution of flash extents 301 

in the eyewall from 0000 to 0900 JST on September 9 when the typhoon center passed over 302 

Tokyo Bay, the north part of Chiba, Ibaraki prefecture, and offshore of the Ibaraki prefecture 303 

coast. The flash extent is defined as the square root of the horizontal convex hull (polygon) 304 

of the source locations, which in this study is the longitude-latitude plane. The definition is 305 

the same as the flash extent in previous studies (Bruning and MacGorman 2013; Mecikalski 306 

et al. 2015; Yoshida et al. 2018). In the present case, the analysis was applied to 50 of the 307 

lightning flashes in the decaying system between 0600 and 0900, and to two small lightning 308 

flashes that occurred in the eyewall as the center of the typhoon was passing near Tokyo 309 

Bay between 0000 and 0200 JST. The arithmetic mean of the flash extents was 20.6 km, 310 

the geometric mean was 19.3 km, and the median extent was 21.1 km. The maximum flash 311 

extent was 36.3 km and the minimum extent was 4.8 km. The latter value corresponded to 312 

that of the two early flashes, both of which had extents less than 5 km. Otherwise, the 313 

mininum flash extents in the decaying sequence were typically ~10-15 km. 314 

 Table 2 compares the flash extents of the present study with those obtained by other 315 

investigators and storm types in Japan. Yoshida et al. (2018) investigated flash extents for 316 

lightning in the summer and winter seasons in Japan, which were observed by the 317 

Broadband Observation network for Lightning and Thunderstorms (BOLT). They reported 318 
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arithmetic mean and median flash extents of 6.5 km and 5.1 km in the summer season and 319 

16.9 km and 14.8 km for winter storms. Zheng et al. (2019), using LMA observations of 320 

winter storms, reported arithmetic mean and median flash extents of 19.8 km and 18.3 km. 321 

Bruning and MacGorman (2013), using LMA observations of large Great Plains storms in 322 

the central U.S., reported flash widths/extents up to 20 to 30 km. The basic conclusion is 323 

that the flash extents depend on the size of the storms. 324 

 325 

4. Discussion and Conclusions 326 

 4.1 Storm Charge Structure and the Cause of +CGs 327 

 From the radar and lightning comparisons of Figure 7, the storm cells appear to have been 328 

normally electrified, with intracloud flashes occurring between mid-level negative and upper 329 

positive storm charge, produced by the standard non-inductive graupel-ice electification 330 

mechanism. This is supported by the VHF sources indicating upward negative development 331 

at the very beginning of the flashes, followed by horizontal propagation through upper 332 

positive charge. However, there is no evidence of opposite-polarity positive breakdown 333 

propagating bi-directionally into and through mid-level negative charge, as is usually seen 334 

during normal-polarity IC flashes, albeit on a weaker- and delayed-basis. In addition, storms 335 

having a normal-polarity electrical structure invariably produce negative CG discharges, 336 

(e.g., Krehbiel. 1986; MacGorman and Rust, 1998), for which the downward negative 337 

leaders to ground are readily detected at VHF (e.g., Shao et al., 1995; Sakurai et al., 2021). 338 
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Instead, negative CG strokes were conspicuously absent, replaced instead by a large 339 

percentage of positive strokes to ground. This is unheard of in normally-electrified storms in 340 

their convective stage of development. Such lightning activity is not explained by the storms 341 

being anomalously electrified, as in Great Plains storms studied during the Severe 342 

Thunderstorm Electrification and Precipitation Study (STEPS 2000; Lang et al., 2004a). In 343 

such storms, the +CG flashes are infrequent and vastly outnumbered by IC flashes, with the 344 

IC flashes being inverted in polarity between mid-level positive and upper-level negative 345 

charge (e.g., MacGorman et al., 2005). And not necessarily by winter storms, whose +CG 346 

discharges originate in horizontally-distributed separate layers of positive and negative 347 

charge, at relatively low altitudes above sea level (e.g., Wang et al., 2021, Wu et al., 2021).  348 

Figure 9 shows the lightning-inferred charge structure during a 15 min time interval at the 349 

beginning of the decaying stage of T1915, when the lightning was closest to the Tokyo LMA. 350 

Seven flashes occurred during the time interval, beginning with the example flash of Fig. 6 351 

and including the three flashes used for the radar comparsion in Fig. 7. Unlike the radar 352 

overlay, where the exaggerated vertical scale makes the lightning sources appear to be 353 

compressed horizontally and expanded vertically, the sources in the vertical projections of 354 

Fig. 9 are plotted with a 1:1 aspect ratio, showing that in actuality they were highly layered 355 

vertically and horizontally extensive. The red sources correspond to negative breakdown 356 

propagating through upper positive charge, (The scattered additional sources are the same, 357 

but are slightly mis-located in altitude.) Consistent with the flash extent determinations, the 358 
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flashes developed over areal extents up to ~40 km N-S and ~20 km E-W. The large extents 359 

are indicative of northward and eastward advection of the upper positive charge away from 360 

the convective core, as seen in the plan view of Fig. 7. Unusually, no sources could be 361 

identified as being due to positive breakdown through mid-level negative charge.  362 

To help understand how the positive strokes to ground occur, it is instructive to look at how 363 

other types of +CG discharges are produced. Particularly useful in this regard are high peak 364 

current +CG strokes that occur in the trailing stratiform regions of large mesoscale 365 

convective systems (MCCs), which are sufficiently energetic to produce luminous sprites in 366 

the upper atmosphere. From lightning charge center studies of similar, horizontally extensive 367 

stratiform discharges in Florida, energetic +CGs were found to occur as a result of negative 368 

breakdown propagating through positive charge just above the radar-detected bright-band 369 

at the 0o C melting level (Krehbiel, 1981; Section 3.3). The continuosly-propagating 370 

breakdown was shown to effectively transfer positive charge back to the opposite end of the 371 

conducting leader channels, where it builts up to the point of eventually initiating a downward 372 

positive leader to ground and a +CG stroke. That the same mechanism produces +CG 373 

discharges in trailing stratiform regions of MCCs is readily seen in LMA observations of 374 

trailing stratiform lightning, such as those studied during STEPS 2000 (Lang et al., 2004b). 375 

In particular, NLDN-detected high-peak current +CG strokes are found to occur several 376 

kilometers behind the leading edge of the flash's negative breakdown, often at successive 377 

times and locations as the negative breakdown continues propagating. 378 
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In the context of the present study, rather than propagating through positive charge above 379 

a low-altitude radar bright-band, as in stratiform situations, the negative breakdown of the 380 

IC flashes propagates through upper positive storm charge. But like the lower altitude 381 

stratiform discharges, the negative breakdown would be transferring an increasing amount 382 

of positive charge back into the flash initiation region. Normally, the positive charge would 383 

be deposited within the storm's mid-level negative charge by means of bi-directional positive 384 

leader activity. But if the negative charge were to be depleted or displaced in comparison to 385 

the upper positive (for example by vertical wind shear), the accumulated or excess positive 386 

charge would end up producing a positive leader to ground, as in the stratiform +CG 387 

discharges. Evidence that this is how the +CG strokes are produced in the typhoon flashes 388 

is provided by the +CG strokes occurring relatively late in the flash's development (about 389 

half to 2/3 of the way through the flash), providing time for positive charge to build up in the 390 

flash start region and producing a positive leader to ground. The resulting return stroke 391 

introduces ground potential into the storm, reinvigorating and extending the flash 392 

development and overall duration, as seen in the blooming of Fig. 6. Not all IC flashes would 393 

necessarily reach this threshold, but apparently a large fraction reach this threshold (29/52 394 

or 56 % of the flashes in the present study). The strength of the resulting +CG stroke would 395 

be variable from one flash to the next, as seen in the broad range of peak currents for 396 

different flashes in Fig. 5. The resulting positive strokes are highly energetic, as evidenced 397 

by their peak currents and a notable fraction being doubly-detected by the JLDN. Another 398 
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indication of the mechanism is that when a positive stroke does occur, its JLDN ground strike 399 

location is relatively close to the plan location of flash initiation – i.e., where the negative 400 

breakdown started and where the positive charge would tend to be accumulated. This is 401 

seen for example in the Fig. 6, where the JLDN source for the +CG stroke in the plan view 402 

panel is near the location of the flash’s initial sources. In the Fig. 6 case the post-stroke 403 

breakdown propagated in multiple directions away from its center initiation point. Even more 404 

striking are flashes where the breakdown propagated unidirectionally away from its initiation 405 

point, yet the +CG stroke is back at the starting point. An example of this was the 35th flash 406 

at 08:15:24 JST on September 9 (not shown), which developed 10 km unidirectionally away 407 

from its initiation point, then produced a doubly-detected 116 kA +CG stroke back at and 408 

directly below the starting point, causing the flash to extend its unidirectional breakdown for 409 

an additional 10 km.  410 

A possible cause for the main negative storm charge appearing to be depleted is the 411 

negative and upper positive charges being partially displaced horizontally from each other 412 

by vertical wind shear. Evidence that vertical shear has an effect on lightning in typhoons 413 

has been reported by Corbosiero and Molinari (2002). Also, Levin et al. (1996) showed that 414 

a good correlation existed between the fraction of positive CG flashes and wind shear in 415 

other types of thunderstorms. 416 

 417 

4.2 Range of +CG Peak Currents 418 
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Another issue that is raised in the typhoon observations concerns the peak-current values 419 

above which sferics identified as +CG events are actual strokes to ground, and below which 420 

they are weak positive events that are mis-identified +IC sferics. Using blooming as an 421 

indicator of an actual stroke to ground, and benefitting from the fortuitous occurrence of a 422 

relatively large number of +CGs, the peak transition current appears to be about 25 kA. A 423 

related question is whether non-return stroke IC events can occur at or above the transition 424 

value. The rapid decrease in the numbers of both positive and negative ICs at magnitudes 425 

above 15 kA in Fig. 5 indicates that IC peak currents above 25 kA are rare. Four such events 426 

were identified to occur in the JLDN data: Flash 7 at 07:08:55 JST (a +51 kA event), flash 427 

13 at 07:25:35 JST (a +42 kA event), flash 25 at 07:48:44 JST (a +51 kA event) and flash 428 

38 at 08:20:11 JST (a +63 kA event) on September 9, all of which were classified as +ICs. 429 

But due to producing strong blooming like that of +CGs of similar current magnitude, they 430 

were almost certainly mis-identified +CGs, supporting the idea that high peak current IC 431 

events (comparable to return stroke currents) do not occur. 432 

 433 

4.3 Summary 434 

The results of this study provide the first good understanding of eyewall lightning over a 435 

large area in the decaying phase of a typhoon, obtained from joint observations provided by 436 

the Tokyo LMA, the JLDN lightning detection network, and the Tokyo-based C-Band Doppler 437 

radar of the Japan Meteorological Agency. The storm was highly unusual in that it produced 438 
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a high percentage of +CG flashes, despite appearing to be normally electrified. The results 439 

are summarized as follows:  440 

 Even in the decaying stage of the typhoon, the storms were strongly convective and 441 

normally electrified, in the same manner as other convective storms, namely by the non-442 

inductive graupel-ice mechanism. 443 

 That the otherwise normally-electrified storm produced positive instead of negative CG 444 

flashes indicates that the convective core of the storm had a depleted mid-level negative 445 

charge. 446 

 A possible explanation for the depletion is the negative and upper positive charges being 447 

displaced horizontally from each other by vertical wind shear. 448 

 The storm's upper positive charge was advected downwind from above the convective 449 

core by strong upper level winds, giving rise to horizontally extensive (up to 30-40 km) 450 

flash extents. 451 

 The relative lack of mid-level negative charge resulted in individual IC flashes appearing 452 

to produce an increasing amount of positive charge back in the flash initiation region 453 

during the flash development, eventually causing positive breakdown downward to 454 

ground and producing the +CG strokes. 455 

 The high percentage of energetic +CG strokes to ground can be explained by the flashes 456 

all being IC–like, with every flash having a chance of continuing to ground (29/52 or 457 

56 % in the present study). 458 
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 The resulting +CGs have a wide range of peak currents due to the positive charge 459 

accumulation changing from flash to flash, and not occurring in all flashes. 460 

 The above explanation is the same basic process that produces sprite-producing +CG 461 

discharges in the trailing stratiform region of mesoscale convective complexes. 462 

 A similar explanation may be applicable to +CG flashes in winter storms, whose +CG 463 

discharges originate in horizontally extensive regions of positive charge at relatively low 464 

altitudes above mean sea level. 465 

 The peak current value above and below which actual +CGs and mis-classified weak 466 

+CG events occur appears to be in the 20–25 kA range. 467 
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List of Figures 571 

 572 

Fig. 1.  Map depicting the locations of Tokyo LMA observation stations (square dots) and 573 

the JMA C-band Doppler Radar (CDR; circular dot). The circle indicates the coverage 574 

area of the JMA CDR and the scale of the map. The dashed line shows the path of 575 

T1915. 576 

 577 

Fig. 2.  a) Time series of the number of VHF lightning sources observed by Tokyo LMA 578 

from 0900 JST on September 8 to 0000 JST on September 10, 2019, illustrating the 579 

episodic nature of the lightning activity and the increase in detection efficiency as the 580 

typhoon approached the Tokyo LMA. b) Evolution of the central pressure and maximum 581 

wind speed of T1915 from 0000 JST on September 7 to 0000 JST on September 10, 582 

2019, showing that the final episode of lightning occurred as the typhoon began its final 583 

decay. 584 

 585 

Fig. 3.  a) Trajectory of T1915 over the 5-day time period of its overall development; b) 586 

zoomed in view of the lightning activity as the typhoon approached and passed by the 587 

Tokyo LMA. (c–e) Radar observations of the typhoon’s structure, and the lightning 588 

activity ('x' marks) around the time of (c) initial lightning detection by the Tokyo LMA 589 

(dark blue and light green eyewall sources in b)); (d) as the eyewall of T1915 moved 590 
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over Tokyo Bay (yellow and orange outer rainband sources in b)), and e) during the 591 

decaying stage showing its dense and widespread lightning activity (red sources in b)). 592 

Rainfall intensity near the ground was observed by eXtended Radar Information 593 

Network (XRAIN) operated by Japan’s Ministry of Land, Infrastructure, Transport and 594 

Tourism (MLIT). Dark blue sources near the Tokyo LMA stations are unrelated local 595 

lightning activity prior to the approaching typhoon. 596 

 597 

Fig. 4. Overview of the lightning activity in the eyewall of decaying stage of T1915, as 598 

determined by the Tokyo LMA. 55 lightning flashes occurred over a 2 hr 15 min time 599 

period. a) Temporal progression of the VHF sources. b) Logarithmic density of the 600 

sources. Triangle, cross, diamond, and star marks in the plan views indicate the location 601 

of –CG, +CG, –IC and +IC events detected by JLDN, respectively (shown as gray bars 602 

at the base of the vertical projection panels). Square green symbols at left edge of the 603 

plan panels indicate two easternmost Tokyo LMA stations. (Plots utilize solutions from 6 604 

or more stations.)  605 

 606 

Fig. 5. Histograms of JLDN-detected sferic events vs. peak current in the eyewall of 607 

decaying stage of T1915. Sferics identified as CG events are shown in the upward 608 

histograms, with positive events on the right and negative events on the left. Much more 609 

numerous IC events are shown in the downward filled gray bars (note vertical scale 610 
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difference). 611 

 612 

Fig. 6.  VHF lightning sources for a +CG flash at 06:55:38 JST on September 9 that 613 

produced a 117 kA +CG discharge 200 ms into the flash (black X symbol). Arrival of 614 

ground potential within the cloud initiated characteristic ‘blooming’ of the breakdown in 615 

different directions away from the extremities of the preceding activity, including an 616 

entirely new branch to the east and north (dashed areas). Triangle, cross, and star 617 

marks indicate the location and time of –CG, +CG and +IC events detected by JLDN, 618 

respectively. (Plot shows sources located by 6 or more stations with chi-square values  619 

5.) 620 

 621 

Fig. 7.  Horizontal cross-section of the radar reflectivity at 1 km altitude (b), and East-West 622 

and North-South vertical cross-sections (a, c) at 0710 JST on September 9, 2019. 623 

Overlaid on the cross-sections are the VHF sources (□) for 3 horizontally extensive (20-624 

25 km) lightning flashes between 0700 and 0710 JST. The VHF sources were produced 625 

by negative breakdown propagating through upper positive charge, which formed 626 

immediately above the convective core and was advected northward and eastward by 627 

the eyewall winds, descending somewhat in altitude away from the core (black arrow in 628 

(c)). Downward descent rate of the arrow is overly steep due to the vertical scale being 629 

greatly exaggerated relative to the horizontal scale (see Fig. 9 and associated text). 630 
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 631 

Fig. 8.  Distribution of horizontal flash extents in the eyewall of T1915 between 0000 and 632 

0900 JST on September 9, 2019. 633 

 634 

Fig. 9.  LMA-inferred distribution of upper positive charge (red sources) corresponding to 635 

seven flashes at the beginning of the decaying stage of T1915, showing the layered 636 

nature and large horizontal extent of the charge caused by downwind advection away 637 

from the convective core. Black dots show flash initiation locations above the core. 638 

Scattered green sources are slightly mis-located events. (Sources are 6 or more station 639 

solutions with chi-square 1.) 640 

  641 
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the JMA C-band Doppler Radar (CDR; circular dot). The circle indicates the coverage 643 

area of the JMA CDR and the scale of the map. The dashed line shows the path of 644 
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 Fig. 2.  a) Time series of the number of VHF lightning sources observed by Tokyo LMA 648 

from 0900 JST on September 8 to 0000 JST on September 10, 2019, illustrating the 649 

episodic nature of the lightning activity and the increase in detection efficiency as the 650 

typhoon approached the Tokyo LMA. b) Evolution of the central pressure and maximum 651 

wind speed of T1915 from 0000 JST on September 7 to 0000 JST on September 10, 652 

2019, showing that the final episode of lightning occurred as the typhoon began its final 653 

decay. 654 
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 Fig. 3.  a) Trajectory of T1915 over the 5-day time period of its overall development; b) 656 

zoomed in view of the lightning activity as the typhoon approached and passed by the 657 

Tokyo LMA. (c–e) Radar observations of the typhoon’s structure, and the lightning 658 

activity ('x' marks) around the time of (c) initial lightning detection by the Tokyo LMA (dark 659 

blue and light green eyewall sources in b)); (d) as the eyewall of T1915 moved over 660 

Tokyo Bay (yellow and orange outer rainband sources in b)), and e) during the decaying 661 

stage showing its dense and widespread lightning activity (red sources in b)). Rainfall 662 

intensity near the ground was observed by eXtended Radar Information Network 663 

(XRAIN) operated by Japan’s Ministry of Land, Infrastructure, Transport and Tourism 664 
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(MLIT). Dark blue sources near the Tokyo LMA stations are unrelated local lightning 665 

activity prior to the approaching typhoon.  666 
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 668 

Fig. 4. Overview of the lightning activity in the eyewall of decaying stage of T1915, as 669 

determined by the Tokyo LMA. 55 lightning flashes occurred over a 2 hr 15 min time 670 

period. a) Temporal progression of the VHF sources. b) Logarithmic density of the 671 

sources. Triangle, cross, diamond, and star marks in the plan views indicate the location 672 

of –CG, +CG, –IC and +IC events detected by JLDN, respectively (shown as gray bars 673 

at the base of the vertical projection panels). Square green symbols at left edge of the 674 

plan panels indicate two easternmost Tokyo LMA stations. (Plots utilize solutions from 6 675 

or more stations.)  676 
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 Fig. 5. Histograms of JLDN-detected sferic events vs. peak current in the eyewall of 678 

decaying stage of T1915. Sferics identified as CG events are shown in the upward 679 

histograms, with positive events on the right and negative events on the left. Much more 680 

numerous IC events are shown in the downward filled gray bars (note vertical scale 681 

difference). 682 
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Fig. 6.  VHF lightning sources for a +CG flash at 06:55:38 JST on September 9 that 684 

produced a 117 kA +CG discharge 200 ms into the flash (black X symbol). Arrival of 685 

ground potential within the cloud initiated characteristic ‘blooming’ of the breakdown in 686 

different directions away from the extremities of the preceding activity, including an 687 

entirely new branch to the east and north (dashed areas). Triangle, cross, and star 688 

marks indicate the location and time of –CG, +CG and +IC events detected by JLDN, 689 

respectively. (Plot shows sources located by 6 or more stations with chi-square values  690 
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5.) 691 
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Fig. 7.  Horizontal cross-section of the radar reflectivity at 1 km altitude (b), and East-West 693 

and North-South vertical cross-sections (a, c) at 0710 JST on September 9, 2019. 694 

Overlaid on the cross-sections are the VHF sources (□) for 3 horizontally extensive (20-695 

25 km) lightning flashes between 0700 and 0710 JST. The VHF sources were produced 696 

by negative breakdown propagating through upper positive charge, which formed 697 

immediately above the convective core and was advected northward and eastward by 698 

the eyewall winds, descending somewhat in altitude away from the core (black arrow in 699 

(c)). Downward descent rate of the arrow is overly steep due to the vertical scale being 700 

greatly exaggerated relative to the horizontal scale (see Fig. 9 and associated text). 701 
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Fig. 8.  Distribution of horizontal flash extents in the eyewall of T1915 between 0000 and 702 

0900 JST on September 9, 2019. 703 

  704 
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 Fig. 9.  LMA-inferred distribution of upper positive charge (red sources) corresponding to 705 

seven flashes at the beginning of the decaying stage of T1915, showing the layered 706 

nature and large horizontal extent of the charge caused by downwind advection away 707 

from the convective core. Black dots show flash initiation locations above the core. 708 

Scattered green sources are slightly mis-located events. (Sources are 6 or more station 709 

solutions with chi-square 1.) 710 
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