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Key Points: 17 

• The top FORTE PDD, LIS, and GLM detections capture different portions of the 18 

population of the top optical lightning events 19 

• These differences arise from nuances in the design and operation of these sensors that 20 

introduce detection biases  21 

• The FORTE superbolt distribution only represents a subset of all  superbolts, which 22 

should also include the top LIS / GLM events23 
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Abstract  24 

We previously documented geographic distributions of the optically brightest lightning 25 

on Earth – known as “superbolts” – using two space-based instruments: the photodiode detector 26 

(PDD) on the Fast On-orbit Recording of Transient Events (FORTE) satellite and the 27 

Geostationary Lightning Mapper (GLM) on NOAA’s newest Geostationary Operational 28 

Environmental Satellites (GOES). In this study, we further examine the superbolts identified by 29 

the PDD and GLM to reconcile the differences between their geographic distributions. We find 30 

that both the physical extent of the parent flash and the development speed of its leaders are 31 

important for making a superbolt. 32 

The oceanic PDD superbolts tend to occur early in flashes that rapidly expand laterally 33 

into long-horizontal “megaflashes.” The top GLM superbolts occur over land at later times in 34 

particularly large megaflashes that grow more slowly until they extend over multiple hundreds of 35 

kilometers. The FORTE PDD missed these delayed superbolts due to limitations in its triggering.  36 

Coincident TRMM measurements show that the warm season megaflash superbolts 37 

detected by LIS/GLM and Turman’s (1977) wintertime oceanic superbolts also observed by the 38 

PDD occur in otherwise similar thunderstorm environments. Both are marked by: low storm 39 

heights (< 10 km), widespread rainfall near the surface, small infrared brightness temperature 40 

gradients, and low flash rates. We suggest that the vertically-compact, stratiform nature of these 41 

clouds allows them to store more charge between flashes, providing favorable conditions for 42 

superbolt production.  43 

  44 
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Plain Language Summary 45 

 46 

The brightest optical pulses from lightning seen from space have been termed 47 

“superbolts.” Superbolts are incredibly rare, and represent flashes of light that are at least 100 48 

times brighter than what we typically see from lightning. Curiously, the locations and times 49 

associated with these brightest optical pulses differ based on the instrument and satellite used. 50 

Previous assessments with the Vela satellites and the photodiode detector (PDD) on the FORTE 51 

satellite identify wintertime lightning around Japan, along the Gulf Stream in the Atlantic Ocean, 52 

and in the Mediterranean Sea as superbolt hotspots. However, assessments with NOAA’s 53 

Geostationary Lightning Mapper (GLM) find hotspots in regions with large-horizontal 54 

“megaflashes”– particularly, the La Plata basin in south America and the south-central Great 55 

Plains in the United States. 56 

In this study, we examine how these differences in optical superbolt detections arise. We 57 

find that the differing global distributions can be explained by the FORTE PDD missing 58 

superbolts that occur late in the flash due to its finite trigger count limit – an issue not 59 

encountered by GLM. 60 

  61 
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1 Introduction 62 

Lightning is a spectacular, yet common, atmospheric phenomenon that impacts life on 63 

Earth, sometimes with tragic consequences. With ~44 flashes occurring every second (Christian 64 

et al., 2003) and modern lightning detection systems capable of resolving a significant fraction of 65 

the flashes within their measurement domains, the lightning research community has been able to 66 

document how lightning typically behaves rather well. We know that most lightning is small 67 

compared to the size of its parent thunderstorm (on the order of 10 km) while usually occurring 68 

entirely within the cloud. Only a fraction of lightning flashes strike the ground, and this subset of 69 

Cloud-to-Ground (CG) lightning tends to be of negative polarity with peak currents on the order 70 

of 10 kA. We also know that most lightning occurs over land within the convective cores of 71 

thunderstorms, where trends in flash rates and flash characteristics provide insights into updraft 72 

behavior (Deierling and Petersen, 2008) that can even give advance warning of severe weather 73 

(Schultz et al., 2009; Gatlin and Goodman, 2010). 74 

1.1 Exceptional lightning 75 

However, not all lightning fits this “typical” view. Some CG strokes are of a positive 76 

polarity with long-lasting Continuing Current (CC) (Mazur, 2002) and peak currents that can 77 

reach hundreds of kiloamps (Said et al., 2013). This type of +CG stroke is common in the ~10% 78 

(Peterson and Liu, 2011) of lightning that occurs outside of the convective core and propagates 79 

through the clouds adjacent to convection (Lang et al., 2004; Carey et al., 2005; Ely et al., 2008). 80 

Lightning might not be expected to occur in these regions, but when it does happen, it tends to 81 

develop horizontally over considerable distances while initiating multiple CGs along its path 82 

(Peterson and Stano, 2021). The largest of these long horizontal flashes have been termed 83 

“megaflashes” (Lyons et al., 2020), and they are known to strike “out of the grey” from over the 84 
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horizon in regions where no lightning had been observed in the prior 30 minutes or more. Thus, 85 

typical lightning safety guidance (either the “30-30” rule or NOAA’s “when thunder roars, go 86 

indoors”) would not ensure safety from this exceptional type of lightning.  87 

It is important to document extreme lightning because it challenges our assumptions 88 

surrounding the capabilities of lightning, and can guide the development of improved standards 89 

for mitigating lightning hazards. Aside from megaflashes, another type of extreme lightning that 90 

has received considerable attention recently is the “superbolt.” Superbolts are extraordinarily-91 

powerful flashes of light that are produced by certain types of lightning. Superbolts were first 92 

detected by the optical payload on the Vela satellites. Turman (1977) reported a distinct class of 93 

lightning emissions in the Vela optical data whose peak broadband optical power at the source 94 

would have been at least 1011 W to even greater than 1 TW. These pulses are 100x brighter than 95 

what we consider “normal” lightning with total optical energies integrated through the waveform 96 

reaching 109 J at the source. 97 

Tuman (1977) also found that these superbolts were not ubiquitous across the lightning-98 

producing regions of the Earth (Christian et al., 2003; Albrecht et al., 2016; Peterson et al., 99 

2020), but rather clustered in regions and seasons where lightning is uncommon – for example 100 

winter thunderstorms in the oceans surrounding Japan that are known to have vertically compact 101 

precipitation structures (Yamamoto et al., 2006) and for generating +CG strokes (Miyake et al., 102 

1992) that are sufficiently powerful to initiate sprites (Hayakawa et al., 2004). This suggests that 103 

superbolts are more than simply the tail of the normal lightning distribution, but instead that they 104 

require a specific set of conditions within the storm environment that is generally not met 105 

elsewhere. 106 

1.2 When normal lightning appears exceptional 107 
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However, it is also possible for normal lightning to appear very optically bright – even to 108 

the point of masquerading as a superbolt – if the satellite happens to view it unobscured by the 109 

clouds. Most lightning occurs embedded entirely within its parent thunderstorm where the 110 

surrounding clouds broaden its optical pulses in space and time through multiple scattering 111 

(Light et a., 2001; Thomson et al., 1982; Koshak et al., 1994; Peterson, 2020a; Brunner et al., 112 

2020). The peak optical powers of the signals that transmit through the cloud to space are less 113 

intense than the source waveform because much of that energy is scattered away from the 114 

satellite, absorbed in the cloud, or delayed into a long tail after traversing longer path lengths 115 

through the cloud to the instrument. If that same optical pulse could be viewed with little-to-no 116 

cloud between the source and satellite, then the signal would retain its full power. 117 

While lightning flashes only infrequency leave the cloud entirely to be observed as a 118 

completely unobscured lightning channel by any satellite in view (for example, to strike the 119 

ground as a “bolt from the blue”) we can similarly reduce the radiative transfer effects of the 120 

clouds by viewing the thunderstorm from the side. Moving the sensor from a nadir view towards 121 

a limb view allows it to resolve optical emissions that originate below the overhanging anvil 122 

clouds that are known to block optical transmission (Peterson, 2021a), or potentially even below 123 

the cloud base. We used a radiative transfer model to simulate this scenario and found that the 124 

total radiance from the pulse increased by two orders of magnitude between the source being 125 

obscured and unobscured by the cloud (Peterson, 2020a). This roughly agrees with Turman’s 126 

observation that superbolts are 100x more powerful than normal lightning. The high orbital 127 

altitude of the Vela satellites (118,000 km), which was beyond even geostationary orbit (35,000 128 

km), would have provided ample opportunities to observe optical events close to the limb with a 129 

near side-view of the storm. Lightning pulses that only reach the superbolt threshold due to 130 
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instrument viewing angle (and would not be classified as a superbolt by another satellite located 131 

elsewhere) would not merit distinction as a special type of lightning phenomenon.  132 

1.3 Modern superbolt detections 133 

Fortunately, multiple instruments have been used to corroborate and expand upon 134 

Turman’s (1977) superbolt findings. The closest analog to Turman’s work are the studies by 135 

Kirkland (1999) and Peterson and Kirkland (2020). These two studies leveraged broadband 136 

optical measurements from the photodiode detector on the FORTE satellite (Kirkland et al., 137 

2001) to identify superbolts according to their peak optical power estimated at the source. The 138 

Low Earth Orbit (LEO) of the FORTE satellite and limited Field of View (FOV) of its PDD 139 

instrument mitigate the low elevation angle issue, but also limit the amount of time spent 140 

observing thunderstorms in the Earth’s superbolt hotspot regions. Still, the FORTE PDD 141 

reported more than ten thousand 100-GW superbolts and multiple terawatt-class superbolts 142 

during its 12 years of operation between late 1997 and 2010. The more intense superbolt cases (> 143 

350 GW) showed the same wintertime and Sea of Japan / Pacific Ocean clustering noted by 144 

Turman (1977), and we were able to confirm the intense +CG origin suggested by Turman 145 

(1977) in cases over North America using coincident National Lightning Detection Network 146 

(NLDN: Cummins and Murphy, 2009) observations. 147 

We also used optical Geostationary Lightning Mapper (GLM: Goodman et al., 2013; 148 

Rudlosky et al., 2019) data from NOAA’s current Geostationary Operational Environmental 149 

Satellites (GOES-16) to document the most energetic optical pulses in the Americas. Unlike the 150 

Vela optical payload or the FORTE PDD that report broadband optical waveforms, GLM reports 151 

narrowband (777.4 nm) measurements of the total optical energy received over a 2-ms 152 

integration frame. The top GLM lightning pulses are expected to differ somewhat from the top 153 
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Vela / PDD events. For example, optical sources that lack the peak power of a superbolt may be 154 

able to generate an equivalent total optical energy by persisting over a long duration. Still, the 155 

FORTE PDD data show that total optical energy correlates with peak optical power, meaning 156 

that the most exceptional events from a total energy perspective are largely still be exceptional 157 

from a peak power perspective. Moreover, GLM has a key advantage over FORTE with its 158 

geostationary orbit. Continuous staring measurements over the Americas and the adjacent oceans 159 

allow GLM to observe even the rarest optical lightning phenomena. Indeed, we found that the 160 

most energetic GLM detections frequently occurred in megaflashes in the Great Plains in North 161 

America and the La Plata basin in South America  (Peterson and Lay, 2020) – regions that were 162 

unremarkable in the PDD superbolt distributions due to the difficulty of capturing extreme 163 

megaflashes in LEO snapshots. 164 

1.4 Can superbolts be identified using Radio Frequency (RF) data? 165 

Finally, there is the case of the most energetic World-Wide Lightning Location Network 166 

(WWLLN: Hutchins et al., 2012; Jacobson and Holzworth, 2006) detections that were described 167 

as “superbolts” by Holzworth et al. (2019). Their justification for applying the term “superbolt” 168 

to the top Very Low Frequency (VLF) RF events in the WWLLN data was that there is a similar 169 

pattern of occurrence to Turman (1977)’s superbolts. However, is it not clear whether these cases 170 

actually represent the same lightning phenomena, as no effort was made to link the top WWLLN 171 

events with extraordinary optical emissions. The phenomenological differences between RF and 172 

optical emission and WWLLN’s poor sensitivity to the in-cloud currents that the optical 173 

platforms preferentially detect lead us to suspect that this agreement is may at least partially be 174 

coincidental. Evidence to support this idea can be found in the WWLLN maps of top (2 GJ) 175 

events shown in Holzworth et al. (2019) where the primary Americas hotspot is along the Andes 176 



  LA-UR-23-24435 

mountains – an area that certainly produces energetic lightning, but not a hotspot for the most 177 

extraordinary optical emissions detected by GLM or the FORTE PDD. Until the link with 178 

exceptional optical emission has been established, we will consider these top RF events 179 

separately from optical superbolts and not examine them in this study. 180 

1.5 Where are the Earth’s top superbolts?  181 

Our two optical space-based sensors – the FORTE PDD and GLM - differ in where and 182 

under what environmental conditions they detect their most intense optical lightning events. The 183 

challenge with documenting the most extreme lightning on Earth is that these events push the 184 

limits of what our instruments were designed to detect. It is unclear to what extent these 185 

differences are physical or due to the limitations in our detection technology. In this study, we 186 

take a closer look at optical superbolts, their physical development over time, and the 187 

thunderstorm environments in which they arise to improve our understanding of how they occur 188 

and reconcile the differences between the PDD and GLM maps of the Earth’s most extraordinary 189 

optical lightning events.  190 

 191 

2 Data and Methodology 192 

2.1 The FORTE photodiode detector (PDD) 193 

The FORTE PDD was a silicone photodiode detector that measured broadband (400 nm – 194 

1100 nm) optical waveforms from transient lightning events (Kirkland et al., 2001; Suszcynsky 195 

et al., 2000). Its high sampling rate yielded a sufficiently fine temporal resolution (15 μs) to 196 

characterize the peak optical power of individual lightning pulses that originated from anywhere 197 
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within the ~1200 km ground footprint of its 80° circular FOV. PDD records typically contained 198 

1.92 ms of data when the instrument was operating in its primary autonomous mode.  199 

In this mode, the instrument would trigger once the background-compensated signal 200 

amplitude exceeded a selected threshold for a commanded number of consecutive samples 201 

(usually 5, corresponding to 75 μs). This filter was necessary to prevent artifacts from energetic 202 

particle impacts from triggering the instrument. Energetic particle impacts are a significant 203 

problem for spacecraft in Low Earth Orbit (LEO), especially as they pass through the South 204 

Atlantic Anomaly (SAA) where the Earth’s inner Van Allen belts extend to a low altitude. 205 

Energetic particles hitting the PDD cause quick 1-2 sample spikes in the waveform that are 206 

unlike the comparably slow rises and falls in the light curves from natural lightning (especially 207 

after scattering in the cloud medium). Without the consecutive sample filter, the PDD data would 208 

consist of mostly artifacts with a high concentration of events in the SAA region that includes 209 

much of South America and the southern Atlantic Ocean.  210 

In addition to the energetic particle filter, the PDD was also subject to two limitations on 211 

its trigger rate. The first was a minimum intertrigger delay, which was nominally 4.4 ms for its 212 

autonomous mode (Suszcynsky et al., 2000). This means that each 1.92 ms record would be 213 

followed by a 2.5 ms period of dead time before the next possible trigger. Then, the second was a 214 

maximum trigger rate to conserve onboard memory. Once a commanded number of triggers was 215 

reached (often 10) during a short time period (often 40 ms), then the PDD would stop triggering 216 

until the next GPS-conditioned pulse-per-second signal (Kirkland et al., 2001). 217 

These restrictions on the types of signals that triggered the FORTE PDD and their 218 

allowed trigger rates could potentially prevent the PDD from detecting certain kinds of 219 



  LA-UR-23-24435 

superbolts. The minimum 75 μs  pulse width could limit the ability of the PDD to detect near-220 

impulsive lightning emissions from sources that are not obscured by clouds. Moreover, the 221 

maximum trigger rate limitation is known to have prevented detections of events that occurred 222 

later in lightning flashes (Peterson, 2020a,b). As capable as the PDD was at detecting global 223 

lightning, its engineering constrains prevented it from fully resolving the optical emissions from 224 

some of the most interesting flashes in nature. 225 

2.2 The Lightning Imaging Sensor (LIS) and Geostationary Lightning Mapper (GLM) 226 

LIS (Christian et al., 2000; Blakeslee et al., 2020) and GLM (Goodman et al., 2013; 227 

Rudlosky et al,. 2019) are lightning imagers operated by NASA and NOAA, respectively. Both 228 

instruments record the Earth at a nominal frame rate of 500 FPS in a narrow spectral band 229 

around the 777.4 nm Oxygen emission line triplet and trigger on transient changes in cloud 230 

illumination that are indicative of lightning activity. LIS has been deployed twice in Low Earth 231 

Orbit, each time providing lightning snapshots from thunderstorms across the globe: first, on the 232 

Tropical Rainfall Measuring Mission (TRMM: 1998 - 2015) satellite, and then on the 233 

International Space Station (2017-present). We will only use TRMM-LIS detections in this study 234 

to take advantage of the coincident cloud measurements provided by the other TRMM 235 

instruments described below. Meanwhile, GLM observes the Americas and the Atlantic and 236 

Pacific oceans from the GOES-16 and GOES-17 satellites in geostationary orbit. The public data 237 

record for GLM extends back to late 2017 for GOES-16 and 2019 for GOES-17.  238 

LIS and GLM data are comprised of pixel detections where the instantaneous energy 239 

received by the instrument exceeds the background illumination by an instrument threshold.  240 

These “events” represent illuminated pixels, not complete lightning processes. Thus, they are 241 



  LA-UR-23-24435 

clustered into more complex features by algorithms described in Mach et al. (2007) and 242 

Goodman et al. (2010). “Group” features aggregate all contiguous events on the imaging array 243 

within the same integration frame and approximate individual lightning pulses, while “flash” 244 

features aggregate groups in close spatiotemporal proximity and approximate distinct lightning 245 

flashes. We also have defined an intermediate “series” feature that approximates sustained 246 

lightning processes that last longer than an integration frame but shorter than a flash (Peterson 247 

and Rudlosky, 2019). 248 

The flash cluster data generated for LIS and GLM provides additional context on how 249 

individual optical pulses relate to the larger evolution of the flash. We have used this data to 250 

measure the lateral development of lightning flashes (Peterson et al., 2018), to identify the 251 

largest and longest-lasting flashes found in nature (Peterson et al., 2020) and document where 252 

and when they occur (Peterson, 2021b), and to examine how the surrounding cloud medium is 253 

illuminated by lightning (Peterson, 2019a). After correcting the data for degradation due to 254 

processing limitations (Peterson, 2019b), the LIS and GLM datasets are particularly well-suited 255 

for documenting the diverse collection of lightning that we can observe from space – including 256 

the long-lasting flashes that are known to be missed by the PDD. 257 

However, these lightning imagers cannot identify superbolts based on peak power. Their 258 

500 ms nominal frame rates limit their detections to 2-ms integrations of total energy. A whole 259 

PDD waveform could be captured in a single LIS or GLM integration frame. Additionally, LIS 260 

and GLM are narrowband instruments centered at 777.4 nm, while the PDD was a broadband 261 

instrument. The fraction of the broadband optical energy at 777.4 nm in space-based 262 
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observations is thought to be on the order of 1%, with a value of 4% between the PDD and 263 

lightning imager on FORTE reported by Suszcynsky et al. (2001).  264 

All of these factors – delay in the flash, energy versus power, and the spectral content of 265 

the signals – plus the different orbits of the parent spacecraft for the PDD, LIS, and GLM may 266 

contribute to the differences that we see between their maps of optical superbolts.  267 

2.2.1 Removing Solar Artifacts in the GLM Data 268 

Solar artifacts arise when sunlight can either reflect off a cloud or body of water to reach 269 

the optical sensor or intrude directly into the instrument optics. If the reflection is sufficiently 270 

impulsive, it might cause the optical instrument to trigger. Solar artifacts are not a severe issue 271 

for the two instruments in LEO (the FORTE PDD and LIS) due in large part to their onboard 272 

filtering. However, solar artifacts are frequently observed across large swaths of the GLM 273 

domain and are sufficiently bright to pose an issue for identifying the superbolts. 274 

We have some methods for removing this glint from the GLM dataset (Peterson, 2020b), 275 

but they do not completely mitigate the problem for superbolt cases. For this reason, we take a 276 

different approach to solar artifact filtering here. Since we are looking at the peak of the GLM 277 

lightning distribution, the ground-based lightning detection networks should be able to detect 278 

virtually all of these events. For each of the most energetic GLM groups, we seek a match with a 279 
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WWLLN stroke within 16.5 km and 330 ms (the GLM clustering thresholds). If no match is 280 

found, then the group is discarded as a potential solar artifact.  281 

2.2.2 Coincident Thunderstorm Measurements for LIS on the TRMM Satellite 282 

While GLM benefits from the continuous monitoring of the near-facing hemisphere 283 

enabled by its geostationary orbit, the LIS on TRMM had the advantage of coincident 284 

microphysical measurements of the thunderstorms responsible for its flashes. The TRMM sensor 285 

package (Kummerow et al., 1998) included a Visible and Infrared Scanner (VIRS), a 286 

Precipitation Radar (PR) and the TRMM Microwave Imager (TMI). As the swaths of these 287 

scanning instruments were centered on the satellite track, the region bounded by the instrument 288 

with the narrowest swath (the PR at ~215 km) was covered by a uniquely-comprehensive set of 289 

overlapping measurements of the extent, intensity, and three-dimensional structure of storms 290 

below the satellite. 291 

We previously co-located PR, TMI, and VIRS pixels with LIS pixels to generate a 292 

database of “Illuminated Cloud Features” (ICFs: Peterson et al., 2016) describing the local 293 

thunderstorm environment where lightning was detected. It should be noted that the reliance on 294 

LIS event pixels rather than group centroids in the construction of ICFs means that clouds that 295 

are illuminated by lightning but do not participate in the lightning discharge will still contribute 296 

to the feature (hence their description as illuminated cloud feathers rather than lightning 297 

features). Comparing the maximum and minimum microphysical properties of each feature 298 
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allows us to differentiate between lightning that occurs entirely within the thunderstorm and 299 

lightning that happens to illuminate nearby clouds due to favorable radiative transfer conditions.  300 

We previously used these features to define two classes of optical superbolts: “anvil 301 

superbolts” that primarily illuminate non-raining clouds at the edge of the storm, and “stratiform 302 

superbolts” whose illumination primarily occurr in regions with raining stratiform PR pixels. 303 

Anvil superbolts are expected to benefit from relatively-clear sight lines from the source to the 304 

satellite (for example, reflecting of the sides of nearby clouds), potentially making normal 305 

lightning appear brighter than it otherwise would. Such “shortcut” paths are not anticipated for 306 

stratiform superbolts, which are expected to be bright due to the physical attributes of the 307 

discharge, alone. 308 

We will take a closer look at ICFs in this study, placing a particular emphasis on 309 

thunderstorms that generate the most energetic LIS pulses in the superbolt hotspots that fall 310 

within the TRMM domain.   311 

 312 

3 Results  313 

In the following sections, we will examine the various aspects of lightning physics and 314 

optical lightning detection that influence whether a lightning pulse will be detected as a 315 

superbolt. In Section 3.1, we will address the issue of identifying superbolts by peak optical 316 

power or total optical energy and reconcile the PDD estimated broadband source powers / 317 

energies reported in Peterson and Kirkland (2020) with the local thresholds on narrowband GLM 318 

energy used by Peterson and Lay (2020). In Section 3.2, we will examine the effects of 319 
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instrument triggering and platform orbit on the types of superbolts that are resolved by the 320 

FORTE PDD and GLM. Section 3.3 will, then, use ICFs to analyze the thunderstorm 321 

environments responsible for intense optical emission. Finally, Section 3.4 will leverage the 322 

staring GLM coverage to document how the physical development of lightning flashes drives 323 

optical superbolt outputs.  324 

3.1 Identifying Superbolts in Peak Optical Power and Total Optical Energy 325 

Measurements 326 

Superbolts were originally identified according to peak optical power in Turman (1977), 327 

who proposed a minimum broadband power threshold of 100 GW estimated at the source. To 328 

identify superbolts using integrating instruments like LIS or GLM, we need to identify a total 329 

narrowband energy threshold that captures the population of lightning with that exceeds the peak 330 

broadband optical power threshold. Because total optical energy is simply a product of the 331 

amplitude and shape of the optical waveform, the two parameters are highly correlated and the 332 

samples should be at least similar to the first order. 333 

A more accurate picture of the relationship between peak optical power and total optical 334 

energy is shown in Figure 1, which depicts the tail of the PDD power and energy distribution. 335 

Note that the steps in the plot around 20 MW and 400 MW are not physical, but instead due to 336 

the PDD’s pricewise-linear response curve. For each optical power, there is a range of possible 337 

optical energies that depends on the distribution of lightning pulse shapes. Very impulsive events 338 

(like -CGs) are located at the bottom of the distribution where total energies are low for a given 339 

power while very broad events (like +CGs) are located at the top of the distribution where 340 
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energies are high for a given power. The first percentiles (bottom dotted line) and mean energies 341 

(solid line) for each power are overlaid as line plots. 342 

Switching from a peak power threshold to a total energy threshold requires shifting our 343 

focus from a vertical cut in Figure 1 to a horizontal cut. The same energy can be reached with 344 

broad events that have low optical powers (left side of the distribution) or quick events with high 345 

optical powers (right side of the distribution). Line plots corresponding to the first percentile (left 346 

dotted line) and mean (dashed) powers for each energy are also overlaid in Figure 1. The solid 347 

and dashed lines are usually close to one another and nearly overlap above 100 GW. This means 348 

that the average energy for a 100 GW PDD event is 44 MJ and the average power for a 44 MJ 349 

PDD event is ~100 GW. Thus, a threshold of 44 MJ might be considered an acceptable 350 

broadband total energy analog for our 100 GW superbolts. 351 

However, assigning a threshold based on the mean total energy will admit events that are 352 

not powerful enough to be considered superbolts into the sample. If we wanted to ensure that 353 

99% of the sample described 100 GW superbolts, we would need to increase the threshold to 120 354 

MJ where the left dotted first percentile curve reaches 100 GW. At this point, the mean optical 355 

power for all events that meet this threshold would be 300 GW and most superbolts would be 356 

excluded along with the events that did not meet the optical power definition of a superbolt. 357 

Alternatively, if we wanted to allow less-powerful events in order to not lose any peak power 358 

superbolts from the sample, we would set the threshold to the first percentile of event energy for 359 

100 GW superbolts, which is 20 MJ. Thus, the equivalent total energy threshold for a 100 GW 360 
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optical power might range from 20 MJ to 120 MJ, depending on the desired composition of the 361 

resulting sample.  362 

Figure 2 shows global distributions of PDD events using a 100 GW peak power threshold 363 

(Figure 2a) and the 44 MJ total energy threshold (Figure 2b). Figure 2c, then, computes the 364 

percentage of 44 MJ events that are not 100 GW superbolts in each mapped bin. The broad 365 

trends in the global distributions for each threshold are largely the same. There are hotspots over 366 

Panama, the Congo Basin, and the Maritime Continent where normal lightning can be 367 

particularly powerful / energetic and regional maxima in the South Pacific Convergence Zone, 368 

Mediterranean Sea, western China, and the oceanic regions surrounding Japan. The largest 369 

differences in the two maps are found within 30 degrees latitude of the equator, and few 44 MJ 370 

events are not also 100 GW superbolts in the mid-latitude superbolt hotspot regions (i.e., the 371 

local maxima in Figure 2a plus the oceanic regions south of 30° S). Using mean total energy as 372 

an equivalent threshold for peak optical power will add non-superbolt events, but these events do 373 

not appear to affect the general superbolt trends. 374 

However, we also have to recognize that the 100 GW superbolt threshold proposed by 375 

Turman (1977) is largely arbitrary. It coincides with the tail of the lightning distribution, but 376 

Figure 2 shows that the population of PDD events at this peak power is predominantly normal 377 

lightning in the usual lightning hotspots that just happen to have high optical powers. Higher 378 

thresholds (like 350 GW) are required for the anomalous behavior of superbolts to become 379 

apparent in the distribution – and even Turman (1977) placed a greater emphasis on  higher 380 

threshold of 1 TW in their discussion of superbolts. It is advantageous to examine not just one 381 

superbolt total energy threshold, but multiple possible thresholds, and then consider how the 382 

population of lightning events changes between them. Even lower thresholds like 20 MJ that are 383 
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dominated by non-superbolt lightning can be used to reveal the meteorological conditions that 384 

lead to energetic lightning, while the lower threshold provides a larger thunderstorm sample for 385 

evaluating statistical trends.  386 

Considering multiple energy thresholds is particularly important for LIS and GLM 387 

because there is not a one-to-one relationship between broadband optical energy and the 388 

narrowband energy at 777.4 nm. The fraction of the signal at the Oxygen emission multiplet is 389 

not uniform between flashes, and we cannot infer its spectral content (and thus, equivalent 390 

broadband energy) for each individual LIS / GLM pulse. Two values have been derived in the 391 

literature for the percent of the broadband energy that is contained at 777.4 nm: ~1% based on 392 

ground-based measurements from return strokes (Orville and Hendersen, 1984) and 4% from 393 

FORTE PDD observations (Suszcynsky et al., 2001), demonstrating a considerable range in 394 

spectral content between optical pulses. 395 

Table 1 lists the LIS / GLM 777.4 nm total energy thresholds that we consider from the 396 

tail of the optical energy spectrum. The approximate equivalent broadband energies, ratios 397 

between the threshold and normal lightning energies, and the number of LIS / GLM / PDD 398 

events that meet the threshold are also listed. The lowest threshold is 0.1 MJ, which would 399 

correspond to a broadband energy between 2.5 MJ (4%) and 10 MJ (1%). In either case, this 400 

threshold is below the superbolt range discussed previously. It is chosen to ensure a large sample 401 

of TRMM ICFs for examining the attributes of thunderstorms that generate energetic lightning.  402 

The second narrowband energy threshold is 0.5 MJ. Assuming a spectral content of 1%, 403 

the broadband energy equivalent for this threshold is close to the mean energy for 100 GW 404 

superbolts (44 MJ) discussed previously. However, under a 4% spectral energy content, this 405 
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threshold would only be equivalent to just 12 MJ. The ratios of the thresholds to the mean 406 

lightning energy might provide some insight into which spectral content fraction is more 407 

reasonable for superbolts. The peak power threshold of 100 GW from Turman (1977) is close to 408 

100x more powerful than normal lightning, and the PDD data support this. For LIS and GLM, a 409 

narrowband threshold of 0.5 MJ is 116x (LIS) and 102x (GLM) the energy of normal lightning. 410 

Applying the same threshold to the PDD events under a 1% assumption would be equivalent to 411 

33x normal PDD lightning, while a 4% spectral content would correspond to just 8x normal 412 

lightning. Due to limitations in instrument design and how the PDD was commanded to trigger 413 

over the FORTE mission, we do not expect the amount of in-cloud lightning captured by the 414 

PDD to match LIS and GLM. Thus, the average PDD event energy will be different, leading to 415 

the different ratios in Table 1. However, of the two spectral contents considered, 1% appears to 416 

be more consistent with the top LIS / GLM detections.  417 

Under this 1% assumption, a narrowband threshold of 0.5 MJ yields 11,568 PDD events 418 

(on the same order of magnitude as the >100 GW sample in Peterson and Kirkland, 2020) while 419 

a 1.0 MJ threshold yields 2,641 PDD events, and a threshold of 2 MJ yields 309 PDD events. 420 

These events were collected by the PDD over a 12-year period that lasted from late 1997 until 421 

2010. The LIS instrument on the TRMM satellite, meanwhile, recorded 14,912 optical pulses 422 

with narrowband energies > 0.5 MJ (3,109 within the PR swath), 655 (107) pulses > 1.0 MJ, and 423 

9 (0) pulses > 2 MJ over a 15-year period. 424 

The Low Earth Orbit of FORTE and TRMM provided coverage of all longitudes, but at 425 

the expense of a limited view time over the thunderstorms in each region. The staring 426 

hemispheric coverage of GLM allows it to detect superbolts whenever they occur within its 427 

FOV. As a result, just two years of GLM observations have yielded 1,491,010 optical pulses 428 
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matched with WWLLN strokes that have narrowband energies > 0.5 MJ, 226,814 pulses > 1.0 429 

MJ, 21,869 events > 2.0 MJ, and even 1,288 events > 4.0 MJ. The quantities of high-energy 430 

optical pulses detected by GLM eclipse those from any of the other instruments. 431 

3.2 Instrument Effects on Optical Superbolt Detections 432 

While the FORTE PDD, TRMM LIS, and GLM are able to detect superbolts, the design 433 

of these instruments and the orbits of their satellite platforms pose challenges for documenting 434 

robust global statistics. The instruments in low Earth orbit (PDD, LIS) have difficulty detecting 435 

superbolts due to their limited view times. However, the PDD has an additional limitation in its 436 

maximum trigger rate. Superbolts that occur early in the flash can be readily detected by the 437 

PDD, but intense optical emissions that occur hundreds of milliseconds after the start of the flash 438 

(as we see with long-horizontal stratiform flashes) might be missed.   439 

Figure 3 generates statistics on superbolt timing relative to the start of the flash for the 440 

PDD (red), LIS (blue), and GLM (cyan) events with equivalent narrowband energies > 0.5 MJ. 441 

Histograms are shaded with circle symbols overlaid while Cumulative Distribution Functions 442 

(CDFs) are presented as solid lines. Despite the differences in their observational domains, the 443 

LIS and GLM distributions are quite similar with an initial peak at the flash start (i.e., the first 444 

bin at 1 ms) and then a later delayed peak at ~300 ms into the flash. While we are looking at the 445 

top LIS / GLM detections in these statistics, the same behavior occurs with all substantially-446 

energetic optical pulses (i.e., Figure 5 in Peterson and Rudlosky, 2019).  447 

Of these two peaks in the LIS / GLM distributions, the later peak is the more prominent. 448 

Most of the LIS / GLM optical pulses that exceed 0.5 MJ occur late in the flash, with only 2-3% 449 

occurring in its first milliseconds. The PDD, meanwhile, has difficulty detecting superbolts in 450 
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this later peak. Both peaks are visible in the PDD data, but 69% of the PDD superbolts occur in 451 

the first peak at the beginning of the flash. Thus, the PDD superbolts that we reported previously 452 

in Peterson and Kirkland (2020) are only a subset of all superbolts, which might be better 453 

described by LIS or GLM, as they are not subject to this maximum trigger rate issue.  454 

However, the GLM optical energy distributions are also subject to significant biases from 455 

look angle, which may also exist to a lesser extent for the PDD or LIS. Figure 4 plots 456 

distributions of PDD (a), LIS (b), and GLM (c) estimated narrowband source energies as a 457 

function of the elevation angle of the satellite over the lightning source. As the PDD lacks 458 

geolocation information, we compute look angles for PDD matches to NLDN strokes, leading to 459 

overall higher energies at all elevation angles compared to the LIS and GLM total lightning 460 

curves. PDD source energies do not vary notably with elevation angle, resulting in flat mean 461 

(solid) and median (dashed) curves. 462 

The LIS distribution (Figure 4b) is mostly flat, but there is a slight increase in source 463 

energy at lower elevation angles. Much of this deviation comes from the lack of the lowest-464 

energy optical pulses closer to the edge of the LIS FOV. But some of the single most energetic 465 

LIS pulses also come from lower elevation angles. This trend reflects the overall distribution of 466 

lightning as a function of look angle and is probably unrelated to instrument sensitivity.  467 

We show the GOES-17 GLM distribution in Figure 4c to limit biases from comparing 468 

land to ocean lightning. As with LIS, the GLM energy distribution is largely flat at high 469 

elevation angles. However, between 40 and 50 degrees, the energy distributions begins to trend 470 

upward towards more radiant optical pulses. Part of this shift is the erosion of particularly-faint 471 

optical pulses closer to the edge of the GLM FOV, similar to what we saw with LIS. However, 472 
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we also see a pronounced increase in the energies of the mid-range and particularly radiant GLM 473 

detections. As these GLM groups are matched with WWLLN strokes, this increase in energy 474 

cannot be explained by the sunrise / sunset solar artifacts we examined previously (Peterson, 475 

2020). Instead, it appears to be caused by the side view of the storm at the edge of the GLM 476 

FOV. When GLM can see below the overhanging anvil clouds surrounding the convective core, 477 

it has a relatively clear path to the optical source compared with transmitting through the full 478 

optical depth of convective cloud.  479 

We previously mitigated these look angle biases by defining local GLM superbolt 480 

thresholds based on the energy statistics of the lightning at each location across the GLM 481 

domain. As all lightning at a given look angle would be impacted by these effects, not just 482 

superbolts, this approach was sufficient to identify exceptional cases out to low elevation angles. 483 

To permit the use of a constant energy threshold (as in Turman, 1977 and Peterson and Kirkland, 484 

2020) from GLM’s hemispheric geostationary perspective, we will mark problematic elevation 485 

angles in geospatial GLM analyses and omit regions with elevation angles lower than 50 degrees 486 

in the GLM statistics in the following sections. 487 

Viewing the thunderstorm from the side is not the only scenario where superbolts might 488 

arise from a direct line of sight on the lightning channels. Exposed lightning channels that leave 489 

the cloud medium could also give rise to favorable viewing conditions. Indeed, some schematic 490 

diagrams of superbolts in popular media depict superbolts as cloud-to-air discharges. We can 491 

assess the feasibility of this explanation by looking for a key signature of exposed lightning 492 

channels in GLM observations: high concentrations of optical energy in individual GLM pixels 493 

encompassing the channel. This was a key metric for Gigantic Jet cases (Boggs et al., 2019) 494 

(GLM does not detect the jet, but rather the leader leaving the cloud top). The fraction of the 495 
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GLM group energy in a single event also helps us to discern between optical sources originating 496 

at different altitudes in the cloud (Peterson et al., 2022). 497 

We plot event energy fractions against group energy for superbolt cases with elevation 498 

angles > 50 degrees in the two-dimensional histogram in Figure 5. Groups close to the 0.5 MJ 499 

threshold range from cases with the energy spread nearly evenly across the group footprint (~0 500 

%) to cases with nearly all of the group energy contained within a single event pixel (~100%). 501 

However, as we move towards more energetic superbolts, fewer cases have high concentrations 502 

of energy while the group energies generally becomes spread over progressively larger areas. 503 

The intense optical outputs from superbolts thus arise from the extensive illuminated lightning 504 

channels within the clouds and scattering effects from the cloud medium rather than upward 505 

leaders leaving the cloud top. 506 

3.3 Thunderstorm Environments where Energetic Lightning Occurs  507 

We use our ICF database to examine the microphysical properties of the storm regions 508 

that are illuminated during the energetic optical pulses detected by LIS on the TRMM satellite. 509 

We consider the lower 0.1 MJ narrowband threshold to ensure a robust sample size and include 510 

only the optical detections that occur entirely within the narrow PR swath. The global 511 

distribution of these energetic LIS detections is shown in Figure 6a, while the most common 512 

month of the year  and local solar hour are presented in Figure 6b and c. Note that these 513 

distributions have not been normalized according to instrument viewtime in order to highlight thr 514 
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quantities of lightning activity have been detected by TRMM-LIS in the mid-latitude regions 515 

from our discussion of Figure 2. 516 

As with Figure 2, the energetic LIS lightning distributions have peaks in the tropical 517 

hotspots for normal lightning. However, since LIS provides accurate geolocation information 518 

that is unavailable to all PDD events, we can note fine-scale regional variations with LIS that 519 

were spread over a large area in the PDD distribution. The energetic lightning distribution is 520 

enhanced over coastal Central America and certain mountain ranges - including the Andes 521 

highlighted by Holzworth et al. (2019). The top WWLLN events may not rise to the optical 522 

intensities of superbolts, but they still might represent energetic lightning. The temporal 523 

distributions of superbolts also vary considerably across the TRMM domain. The mid-latitude 524 

oceanic superbolt hotspots in the Mediterranean Sea, the southern Pacific Ocean, and the seas 525 

surrounding Japan have a wintertime nocturnal-to-morning dominance in Figure 6b,c consistent 526 

with Turman (1977). However, the remaining global regions have large variations in peak month 527 

/ hour that depend on local weather patterns. For example, the south-central United States in 528 

North America and the La Plata basin in South America tend to peak in the spring-to-summer 529 

months and the La Plata basin has a pronounced overnight maximum in Figure 6c, consistent 530 

with the climatology of megaflash activity (Peterson, 2021b). Energetic optical sources 531 

elsewhere over land tend to peak during the day and might occur at different points of the year. 532 

The distributions in Figure 6b,c are complex because we are aggregating multiple types 533 

of energetic optical pulses that have their own annual / diurnal cycles. The radiant energy of a 534 

lightning pulse depends on physical attributes of the flash as well as radiative transfer effects 535 

within the surrounding cloud medium, and fewer favorable factors are required to meet such a 536 

low threshold (0.1 MJ) than the higher thresholds listed in Table 1. This is demonstrated in 537 
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Figure 7, which shows the average PR raining fraction, minimum TMI 85 GHz Polarization 538 

Corrected Temperature (PCT), PR maximum storm height, and VIRS gradient in infrared 539 

brightness temperature for the ICFs in each region. The mid-latitude superbolt hotspots from the 540 

prior PDD analyses correspond to markedly different thunderstorm environments than the 541 

energetic optical pulses across the tropics. The storm regions illuminated by the mid-latitude 542 

energetic pulses are almost entirely bounded by PR rainfall, have limited column-integrated ice 543 

mass based on the minimum 85 GHz PCT signature, have low storm heights for electrified 544 

storms, and have small differences in VIRS infrared brightness temperature across the feature. 545 

The energetic optical pulses in the superbolt hotspot regions occur in stormclouds that are 546 

shallow and homogeneous, apparently lacking intense updrafts – consistent with our previous 547 

discussion of stratiform superbolts. Meanwhile, energetic LIS detections from across the tropics 548 

(particularly over land) illuminate significant fractions of non-raining clouds with lower 85 GHz 549 

PCTs that are also taller with large gradients in infrared brightness temperature – all indicating 550 

intense convection, as one would expect with anvil superbolts where light can escape the side of 551 

a convective thunderstorm region to illuminate nearby clouds. 552 

We previously reported that anvil superbolts are the more common scenario, with up to 553 

2% of all flashes producing an anvil superbolt (Peterson et al., 2020). However, the prevalence 554 

of superbolts illuminating primarily the non-raining clouds surrounding the convective core 555 

varies globally (as shown in Figure 7) and according to the selected energy threshold. Figures 8 556 

and 9 elaborate on the cloud types illuminated by superbolts by generating similar cloud-type 557 

fraction plots to Figure 2 in Peterson et al. (2020) from the 0.1 MJ (left panels) and 0.5 MJ (right 558 

panels) LIS optical pulses. Two distinct regions of the TRMM domain are shown for 559 
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comparison: the inner tropics (10° S – 10° N), and the northern mid-latitude regions (30° N – 36° 560 

N). 561 

LIS detections in the inner tropics are presented in Figure 8. The top panels (Figure 8a,b) 562 

show two-dimensional histograms of event count as a function of the raining stratiform areal 563 

fraction and raining convective areal fraction of the ICF, each weighted by event count. The 564 

three vertices of the triangles in these plots represent entirely convective flashes (top left), 565 

entirely stratiform flashes (bottom right), and entirely anvil flashes (bottom left). Solid lines are 566 

drawn to distinguish flashes that have a primary cloud type (> 50% convective, stratiform, or 567 

anvil) and the total percent of the sample that has each primary type is listed. Dashed lines, 568 

meanwhile, are drawn at the 75% level with the fractions of the sample with > 75% of any type 569 

also listed. 570 

ICFs with optical energies > 0.1 MJ in the inner tropics are most frequently either 571 

primarily anvil flashes (39%) or a combination of anvil and convective flashes, resulting in a 572 

distribution that is concentrated along the left side of the triangle.  Only 11% of 0.1 MJ pulses in 573 

the inner tropics occur in primarily stratiform flashes. If we increase the threshold from 0.1 MJ to 574 

0.5 MJ, the primarily-stratiform fraction doubles to 23%, mostly at the expense of primarily-575 

convective flashes that fall to 12% of the total, while the anvil fraction remains nearly constant. 576 

The bottom two rows of Figure 8 replace the ICF convective fraction with the maximum 577 

PR storm height (Figure 8c,d) or the time of the energetic group in the flash (Figure 8e,f). The 578 

maximum PR storm heights for primarily (> 50%) non-stratiform flashes range from < 5 km to 579 

20 km, with a distinct maximum around 15 km. Primarily stratiform flashes, meanwhile, have 580 

lower maximum PR storm heights that are typically around 10 km altitude. Increasing the 581 
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threshold to 0.5 MJ affects the relative frequencies of stratiform / non-stratiform cases and 582 

removes most of the non-stratiform pulses that only illuminate clouds with storm heights < 10 583 

km. 584 

The timing of these energetic events within the flash also depends on cloud type. 585 

Boundaries and percentages are overlaid in Figure 8e,f between primarily stratiform / non-586 

stratiform cases, and also between cases that occur before or after 12 ms into the flash 587 

(corresponding to the minimum in the bimodal distribution). Dashed lines are also drawn to 588 

indicate a greater delay of 200 ms, which approximates the point in the flash where the PDD 589 

typically reaches its maximum trigger count. While a significant fraction of energetic lightning 590 

events in the inner tropics occur early in the flash (30% < 12 ms) - mostly from non-stratiform 591 

cases (28%) - the remaining 70% of  > 0.1 MJ pulses are delayed. 39% occur > 200 ms into the 592 

parent flash where the FORTE PDD would have difficulty detecting them, contributing to its 593 

suppressed second peak in Figure 3. The 0.5 M distribution is largely similar aside from the 594 

greater proportion of stratiform lightning noted previously.  595 

Constructing the same plot for 0.1 MJ and 0.5 MJ pulses in the northern hemisphere mid-596 

latitudes reveals notably different trends compared to the inner tropics. The cloud type 597 

histograms in Figure 9 (a,b) are heavily weighted towards raining events along the right diagonal 598 

edge of the cloud type fraction distribution. Only 17% of 0.1 MJ pulses and 12% of 0.5 MJ 599 

pulses are primarily anvil cases, with 26% (44%) being primarily stratiform and 41% (23%) 600 

primarily convective. The maximum PR storm heights from these cases in Figure 9c,d are also 601 

considerably lower than in the tropics – with most energetic stratiform pulses occurring in clouds 602 
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with storm heights between 5 km and 10 km. At the same time, the fraction of early pulses in the 603 

flash is reduced to 13% at 0.1 MJ and 9% at 0.5 MJ.  604 

Other global regions either resemble the inner tropics or northern mid-latitudes, or some 605 

combination of the two if they have similar quantities of stratiform / non-stratiform cases. 606 

Unfortunately, we do not have enough LIS cases within the PR domain to increase the threshold 607 

further. However, the greater prevalence of primarily-stratiform cases with increasing energy 608 

threshold suggests that the vertically-compact, low flash rate environments generated by 609 

stratiform-like clouds are favorable for the particularly-bright optical pulses at higher thresholds. 610 

Expected mechanisms for this are: (1) low flash rates permit more charge storage between 611 

flashes, (2) proximity of charge layers to ground facilitating CG strokes (particularly LUTs), and 612 

(3) expansive layered charge structures promoting horizontal development, creating a larger 613 

optical source while granting the flash access a larger charge reservoir. 614 

3.4 The Top GLM Superbolts and the Relationship between Lateral Flash Structure and 615 

Superbolt Energy 616 

Examining the most energetic optical lightning pulses on Earth requires large viewtimes 617 

over regions that are known for exceptional lightning. While GLM does not capture the ocean 618 

regions surrounding Japan, its FOV does cover the northern and southern Pacific Ocean regions 619 

where superbolts are known to occur, as well as the megaflash hotspots from Peterson (2021b).  620 

The top WWLLN-matched GLM cases are plotted in Figure 10 with a 0.1 MJ threshold 621 

(Figure 10a), and the distribution largely mirrors the 0.1 MJ LIS distribution from Figure 6a. We 622 

increase the threshold to 1.0 MJ in Figure 10b, and this eliminates many of the oceanic cases, as 623 

well as cases in the Amazon rainforest. We also start to see enhancements near the edge of the 624 
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GLM field of view from look angle biases. Elevation angles of GLM relative to the source are 625 

overlaid as dashed contours between 20 degrees and 50 degrees. Increasing the threshold to 2.0 626 

MJ erodes the local maximum along the Andes (including Colombia) and through Central 627 

America, while amplifying the low elevation angle biases at the edge of the GLM FOV. Finally, 628 

by 4.0 MJ, the primary clusters of GLM superbolts within the 50 degree elevation angle contour 629 

correspond to the megaflash hotspots in the Great Plains of North America and the La Plata basin 630 

of South America, with sparse detections occurring in some ocean regions (i.e., the north 631 

Atlantic Ocean) and in the Amazon region. 632 

The detections at lower elevation angles are still valid cases of energetic lightning. We 633 

are just unsure of how energetic they would be if they were observed from a less-advantageous 634 

angle. Therefore, we can still use data from the full GLM FOV to generate statistics that describe 635 

the relationships between intense optical detections in each region (even if they would not reach 636 

the superbolt scale) and their parent flashes, as we did previously with the top LIS cases.  637 

Figure 11 shows the average time in the parent flash for the cases that meet each energy 638 

threshold in Figure 10. Figure 3 showed that GLM superbolts are most commonly delayed from 639 

the flash start  by up to hundreds of milliseconds. However, this is only due to the prevalence of 640 

superbolts over land and the tropical oceans where the delays are particularly long in Figure 10. 641 

By contrast, the average superbolt occurs within tens of milliseconds from the flash start over the 642 

northern and southern Pacific Ocean. Moreover, the most energetic GLM events found in the 643 
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megaflash hotspots occur even later in the flash. The average delays for the highest thresholds in 644 

Figure 11c-d even approach 1 second.  645 

The FORTE PDD distribution is heavily weighted towards the north and south Pacific 646 

Ocean because the superbolts that occur in these regions consistently arise before the instrument 647 

reaches its maximum trigger rate. There is no similarly-pronounced hotspot over the Great Plains 648 

or the La Plata basin simply because these superbolts happen so late in the flash that the PDD 649 

would rarely be able to detect them – even if FORTE were in the correct position and time to 650 

observe one. Because GLM does not have this trigger rate limitation, the distributions in Figure 651 

10 should be closer to the distribution of the Earth’s top superbolts, at least within the 50 degree 652 

elevation angle contour.   653 

The superbolts in this central region also highlight factors that are important controls on 654 

optical pulse energy. We have already seen that stratiform-like clouds are conducive for 655 

generating energetic pulses, and proposed three mechanisms for why that might be. We can test 656 

the third mechanism – the lateral extent of the flash – using GLM data. Figure 12 shows two-657 

dimensional histograms of the superbolt time delay from the start of the flash and the flash extent 658 

at that time for the thresholds used in Figures 10 and 11. Solid lines are also drawn at 12 ms (as 659 

in Figures 8 and 9), and the megaflash threshold of 100 km. For energetic pulses > 0.1 MJ, 8% 660 

occur at the beginning of the flash before the flash has had a chance to develop notable lateral 661 

structure, 90% are delayed but not megaflashes by this point in time, and 2% are delayed 662 

megaflashes. Increasing the threshold to 1.0 MJ events (Figure 12b) removes almost all of the 663 

early superbolts while increasing the megaflash fraction to 5%. Continuing to increase the 664 
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threshold beyond 1.0 MJ further increases the megaflash fraction to 15% by 2.0 MJ and 28% by 665 

4.0 MJ.  666 

Thus, the optical energy of these radiant pulses depends on the lateral growth of the flash 667 

as it expands through the surrounding charge reservoir. Early superbolts – like those detected by 668 

the PDD – are at a disadvantage for being particularly-energetic because lateral development 669 

usually takes time, while oceanic superbolts may be at a general disadvantage because their 670 

maximum sizes are smaller than their land-based counterparts (Peterson and Stano). However, 671 

these disadvantages are offset by one primary advantage in these oceanic cases: faster horizontal 672 

development speeds that allow the parent flash to grow into a long horizontal flash (or even a 673 

megaflash) in the tens of milliseconds before the superbolt. Figure 13 shows the horizontal 674 

development speeds measured by GLM for oceanic superbolt-producing flashes. While the 675 

coarse pixels and long integration frames of GLM inhibit accurate measurements of the speeds of 676 

faster leaders, there is still a notable difference between the land-based and tropical ocean flashes 677 

that propagate horizontally around 1x105 ms-1 and the mid-latitude oceanic that are multiple 678 

times faster - even approaching 1x106 ms-1 in some cases. Our analyses of these individual cases, 679 

which are not shown for brevity, indicate that the fast bidirectional development modes 680 

described in van der Velde et al. (2014)  are relatively common in these regions, leading to the 681 

increased GLM flash development speeds in Figure 13.  682 

4 Discussion and Conclusion 683 

This study examines the most exceptional optical lightning pulses detected by the 684 

FORTE PDD, TRMM LIS, and GLM in order to improve our understanding of how they arise 685 

and reconcile differences in the geographic distributions of superbolts detected by each sensor. 686 
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We were able to confirm that the PDD maximum trigger rate is limiting the sample of superbolts 687 

that it was able to detect. Both LIS and GLM are able to detect energetic events that occur 688 

hundreds of milliseconds to multiple seconds into their parent flash that are missed by the PDD.  689 

However, LIS and GLM have limitations of their own that need to be considered. GLM, in 690 

particular, is biased by favorable look angles near the edge of its FOV. Optical emissions are 691 

typically blocked by the anvil clouds that surround the convective core of a thunderstorm. When 692 

instruments like GLM observe the storm from the side, these emissions are able to transmit to the 693 

sensor along relatively cloud-free paths, increasing the apparent energies of otherwise normal 694 

optical pulses. LIS, meanwhile, is primarily limited by the low view times permitted by its orbit. 695 

It is unlikely that the TRMM satellite would be located at the right place and time to observe the 696 

Earth’s most intense superbolts.  697 

Despite these differences, the top PDD, LIS, and GLM detections still represent the 698 

brightest optical lightning emissions on Earth. For this reason, we can expect that these top 699 

detections arise in similar thunderstorm environments that are favorable for particularly-700 

energetic discharges. Coincident TRMM measurements confirm that “anvil superbolts” are most 701 

common at low energy thresholds. These energetic optical pulses illuminate mostly non-raining 702 

clouds around the edge of the convective core of the thunderstorm where favorable paths exist 703 

for transmitting optical signals to space. This can allow even normal lightning to be identified as 704 

a superbolt. However, increasing the suoperbolt threshold increases the proportion of 705 

“stratiform” superbolts that occur entirely within raining regions of homogeneous clouds that 706 

would not be conducive to such “shortcut” paths to the satellite. The low flash rates, widespread 707 

rainfall, limited storm heights, and small gradients in infrared brightness temperature associated 708 
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with stratiform superbolts are common over the oceanic regions around Japan and in the 709 

Mediterranean Sea identified as superbolt hotspots by Turman (1977. 710 

The vertically-compact, stratiform nature of these clouds, as well as in the land-based 711 

megaflash cases that we identified in Peterson and Lay (2020), is expected to allow them to store 712 

more charge between flashes, which is then mobilized in spectacular fashion during the 713 

superbolt. The proximity of the charge layers to ground appears to facilitate CG strokes along the 714 

paths taken by these horizontal discharges through the cloud that are able to draw current from 715 

the expansive network of lightning channels. Thus, the most energetic superbolts detected by 716 

GLM – those that are associated with megaflashes and are on the order of 1000x brighter than 717 

normal lightning  – occur exclusively late in the discharge after the flash has had ample 718 

opportunity to develop laterally to form complex networks of extensive lightning channels.   719 
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Table 1. 777.4 nm narrowband energy thresholds, equivalent broadband PDD energies under a 1% and 4% assumption, and the corresponding PDD, TRMM-LIS 827 

and GLM counts and mean ratios for each threshold. Note that the 4 MJ threshold is only used for GLM cases. 828 

 829 

777.4 nm 
Narrowband 

Energy 

1% PDD energy at 777.4 nm 4% PDD energy at 777.4 nm 
TRMM LIS 

GLM* 
 
Mean 
ratio 

Group Count 

PDD 
Energy 

Mean 
Ratio 

Event 
Count 

PDD 
Energy 

Mean 
Ratio 

Event 
Count 

Full FOV PR swath 
Mean 
Ratio 

Group 
Count 

0.1 MJ 10 MJ 7x 116779 2.5 MJ 2x 434160 23x 398897 120612 20x 19715511 

0.2 MJ 20 MJ 13x 49075 5 MJ 3x 225708 47x 143929 39450 41x 7534022 

0.5 MJ 50 MJ 33x 11568 12.5 MJ 8x 90623 116x 14912 3109 102x 1491010 

1 MJ 100 MJ 66x 2641 25 MJ 17x 36393 233x 655 107 204x 226814 

2 MJ 200 MJ 132x 309 50 MJ 33x 11568 466x 9 0 408x 21869 

4 MJ          816x 1288 

            

 830 
* Matches with WWLLN strokes required to remove solar artifacts 831 

 832 
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 833 

 834 

Figure 1. Two-dimensional histogram of peak optical power and total energy of the top PDD 835 

events normalized to the source altitude. Solid (lower dashed) lines show the median (1st 836 

percentile) energy for each peak power. Dashed (left dotted) lines show the mean (1st percentile) 837 

of peak power for each total energy. 838 

  839 
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 840 

Figure 2. Global distributions of (a) 100 GW peak optical powers and (b) 44 MJ total energies at 841 

the source, and (c) fractions of 44 MJ events that are not 100 GW superbolts. 842 

  843 
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 844 

Figure 3. Histograms (dots) and Cumulative Density Functions (lines) of the time in the parent 845 

flash when FORTE PDD (red), TRMM LIS (blue), and GLM (cyan) pulses (PDD events 846 

LIS/GLM groups) with an equivalent narrowband optical energy at 777.4 nm ≥0.5 MJ occur. For 847 

the PDD, it is assumed that the narrowband energy is 1% of the broadband energy. 848 

  849 
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 850 

Figure 4. Histograms of narrowband optical energy normalized to the source by satellite 851 

elevation angle for (a) FORTE PDD events matched to NLDN, (b) TRMM LIS groups, and (c) 852 

the GOES-17 GLM groups matched with WWLLN strokes. Each column sums to 100%, while 853 

solid (dashed) lines indicate the mean (median) values. Elevation angles of 20°, 30°, 40°, and 854 

50° are indicated with vertical dashed lines. 855 

  856 
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 857 

Figure 5. Two-dimensional histogram of GLM group energy and the percent of the overall 858 

group energy contributed by the single brightest event pixel for particularly-energetic GLM 859 

groups (> 0.5 MJ) from regions of the GLM FOV with elevation angles >50 degrees. 860 

  861 

  862 
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 863 

Figure 6. Global distributions of (a) the frequency of TRMM LIS groups with a source energy 864 

exceeding 0.1 MJ, and (b) the peak month and (c) the peak local solar hour in which they occur.  865 

  866 
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 867 

Figure 7. Average characteristics of ICFs that contain >0.1 MJ groups. (a) Average fraction of 868 

flashes within PR-detected rainfall. (b) Average minimum 85 GHz PCT. (c) Average PR 869 

maximum storm height within the ICF. (d) Average difference in VIRS infrared brightness 870 

temperature across the ICF. 871 

  872 
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 873 

Figure 8. Two-dimensional histograms of ICF raining stratiform area fraction and (a,b) the 874 

raining convective area fraction, (c,d) the maximum PR-derived storm height, and (e,f) the time 875 

of the most energetic group in the LIS flash in the inner tropics (10° S – 10° N). The left column 876 

only includes flashes with groups exceeding 0.1 MJ of optical energy at the source, while the 877 

right column requires 0.5 MJ of optical energy. Solid lines indicate flashes that are primarily 878 

(>50%) stratiform (all panels), primarily convective or primarily anvil clouds (top panels), or 879 

that contain delayed energetic pulses (bottom panels only). Dashed lines indicate flashes with a 880 

dominant (>75%) cloud type (top panels) or whose energetic pulse occur at times after the PDD 881 

usually stopped triggering (bottom panels).  882 

 883 

  884 
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 885 

Figure 9. As in Figure 8, but for the northern mid-latitudes (30° N – 36° N). 886 

 887 

  888 
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 889 

Figure 10. Geographic distributions of GLM optical sources with energies exceeding (a) 0.1 MJ, 890 

(b) 1.0 MJ, (c) 2.0 MJ, and (d) 4.0 MJ. 891 

 892 

  893 
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 894 

Figure 11. The average time of the energetic groups from Figure 10 in their parent GLM flash.  895 

  896 
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 897 

Figure 12. Two-dimensional histograms between the time of the GLM group in its parent flash 898 

and the flash extent at the group time for (a) 0.1 MJ optical sources, (b) 1.0 MJ optical sources, 899 

(c) 2.0 MJ optical sources, and (d) 4.0 MJ optical sources. Solid lines delineate between prompt 900 

and delayed superbolts (vertical line at 12 ms) and flashes that had reached the megaflash scale 901 

by the time of the energetic group (horizontal line at 100 km). 902 
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 904 

Figure 13. As in Figure 11, but showing the average horizontal development speed of the parent 905 

GLM flash. 906 
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