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Abstract we provide evidence that Terrestrial Gamma-Ray Flashes (TGFs), in well isolated
thunderstorms, tend to occur during periods of low and declining flash rates, and when the flash
amplitudes are larger than average. This conclusion comes from examining the results of 371 manually
tracked TGF-producing thunderstorms. Fermi-GBM identified TGFs are used for this analysis and
lightning data come from both World Wide Lightning Location Network and Earth Networks Total
Lightning Network. The data from these storms suggest that TGFs are likely to occur in almost every
phase of storms that last longer than an hour, but tend to occur later on in shorter storms. We also note
that, in short storms, TGFs are more likely to accompany a flash when the flash rates of the storm are
lower than average, and they are less likely per flash during the peak flash rate periods of the storms. We
find that the tendency for TGFs to occur while the flash rate is falling and when the amplitudes of flashes
(the sum of the absolute values of peak currents of all constituent sferics in the flash) are larger than
average, does not depend strongly on the duration of the storms. This implies that not just any lightning
flash can or even will produce a TGF, but that the electrical conditions of the storm play a crucial role in
TGF production.

Plain Language Summary Terrestrial Gamma-Ray Flashes (TGFs), which are very intense
bursts of high energy radiation that are produced by some lighting, occur in almost every phase of the
thunderstorms that produce them. We find that TGFs are more likely to occur when the lightning flash
rate in the storm is lower than average. We also find that lightning flashes near the time of the TGFs are
usually among the stronger flashes in the storms.

1. Introduction

Even though Terrestrial Gamma-Ray Flashes (TGFs) were discovered over two decades ago (Fishman
et al., 1994), there is still very little known about their production. It is well established that TGFs are as-
sociated with lightning flashes, and more specifically positive-polarity intracloud (+IC) discharges (Cum-
mer, 2005; Fishman et al., 1994; Inan et al., 1996, 2006; Lu et al., 2010; Shao et al., 2010; Stanley et al., 2006).
Observations of TGFs have primarily been made by satellite missions such as the Burst and Transient
Source Experiment (BATSE) onboard the Compton Gamma-Ray Observatory (CGRO), the Reuven Ramaty
High Energy Solar Spectroscopic Imager (RHESSI), Astro rivelatore Gamma a Immagini Leggero (AGILE),
the Gamma-Ray Burst Monitor (GBM) onboard the Fermi Gamma-Ray Space Telescope, and the Atmos-
phere-Space Interactions Monitor (ASIM) (Briggs et al., 2010; Fishman et al., 1994; Marisaldi et al., 2014;
Ostgaard et al., 2019; Smith, 2005). The bursts of radiation from TGFs can result in gamma-rays with ener-
gies up to tens of MeV (Briggs et al., 2010; Marisaldi et al., 2010, 2019; Smith, 2005) and can produce enough
high energy radiation to deliver hazardous radiation doses to a person exposed to them (Dwyer et al., 2010;
Pallu et al., 2021).

The main mechanism thought to produce TGFs is the Relativistic Runaway Electron Avalanche (RREA)
process (Gurevich et al., 1992). This mechanism on its own, however, cannot fully explain the observed
luminosity of TGFs if one considers cosmic rays as the seed election providers (Dwyer, 2008). Due to this
limitation, modifications have been posited to supplement this theory. For example, the relativistic feedback
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(RF) model, proposed by Dwyer (2003) allows for secondary electron avalanches to be created by Compton
back-scattering of bremsstrahlung x-rays and by Bhabha scattering with secondary positrons. This allows
for an exponential increase in the number of runaway electrons produced by a single seed particle. Anoth-
er explanation is that electrons near the high local electric fields at the tips of lightning leaders can gain
enough energy to become seed particles for the RREA process (Carlson et al., 2010; Celestin & Pasko, 2011;
Moss et al., 2006). This potentially large number of seed particles could explain the observed fluence of
TGFs.

Regardless of the model of production, however, there is still no explanation for why some lightning flashes
produce TGFs but others do not. Previous studies have looked at the meteorological data of the thunder-
storms that produce TGFs (e.g., Barnes et al., 2015; Chronis et al., 2016; Fabro et al., 2019; Smith et al., 2010;
Splitt et al., 2010), but in general, it is found that TGFs can be produced by a wide variety of different types
of thunderstorms. Smith et al. (2010) found evidence that TGFs occur in the declining stages of flash rate
in thunderstorms using 51 storms and RHESSI-identified TGFs. In this study, we examine the relationship
between lightning flash rate and TGF production using World Wide Lightning Location Network (WWLLN)
and Earth Networks Total Lightning Network (ENTLN) data and Fermi-GBM identified TGFs. The storms
used in this study were manually tracked over the course of their lifetime which provides more detail into
how these storms evolve, and it also allows for a much larger sample size than previous studies mentioned.

2. Data and Methods

For this work, we have used lightning data (localized radio atmospheric signals or “sferics”) from both the
WWLLN (Rodger et al., 2006, 2009) as well as the ENTLN (Marchand et al., 2019; Rudlosky, 2015; Sonnen-
feld et al., 2020; Zhu et al., 2017). The motivation for using these two datasets stems from their unprecedent-
ed reliability, accuracy, and global coverage. The TGFs used for this study have been observed by Fermi-GBM
over a time period ranging from 2008 to 2016. We used only the TGF events for which a positive WWLLN
association was found (Roberts et al., 2018) and for which the ENTLN data are available — a sample size of
1,169 events. We have used the locations of the known WWLLN associations to identify the corresponding
storms in the ENTLN data (i.e., the storms which would contain the WWLLN associated sferic). The identi-
fied storms, which consist entirely of ENTLN data, have then been tracked, by hand, over the course of their
evolution. This was done by identifying isolated clusters of lightning sferics and following the clusters over
the course of their lifetimes. Of the 1,169 total possible events, 534 were able to be tracked by hand, 231 had
too sparse lightning data to pick out an accurate storm, 237 were too irregular to accurately identify a storm,
71 had no clear storm associated with the WWLLN identified sferic, 80 were difficult to track for a variety
of other reasons, and 16 had no ENTLN data in the region of the known WWLLN association. Of the 534
events that were tracked by hand, only 418 of them had ENTLN sferics within 5 ms of the known TGF time
(the same time window used to identify WWLLN associations by Connaughton et al., 2010, 2013). We chose
to use 5 ms as a conservative window for finding associations in the ENTLN data, however, all of the events
used in this study had sferics within the stricter, 3.5 ms window commonly used for WWLLN associations
(Roberts et al., 2018). For each of the different analyses in this work, we used only those storms with at least
15 flashes (N = 371), an arbitrary threshold implemented to ensure the statistical quality of measures like
the mean flash rate of the storms for example.

It is likely that our sample contains a variety of storm types, however, we are unable to comment definitively
without additional data. It should be noted that the following results of this study can, at this point, only be
considered accurate for TGFs produced in well organized, isolated thunderstorms, which is roughly 30% of
the total TGFs available for this study. There is necessarily a selection bias introduced by the requirement
of the ability to accurately track and identify storms over their lifetimes. There could also be unknown
biases due to the changes in lightning network detection efficiency over time. Without additional data, we
are unable to say whether these results apply to all TGFs or just TGFs produced in thunderstorms that are
“trackable.” One could potentially increase the number of “good” storms by incorporating more weather
data, expanding the TGF catalog, or developing more sophisticated methods of tracking storms. These en-
deavors should be considered in future work. More details on the storms used in this study can be found in
the Appendix.
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Figure 1. (left) Map showing the lightning sferics belonging to this storm. The sferics are colored by time since the start of the storm as indicated in the color
bar below. The black star represents the sferic associated with the Terrestrial Gamma-Ray Flash (TGF). (top right) Cumulative percent of flashes over the time
of the storm. The dashed vertical line represents the time of the TGF (which occurs after 84.67% of the storm's flashes). (bottom right) 600 s running flash count
for the storm, the black dashed line represents the time of the TGF.

2.1. TGF Temporal Locations in Storms

For each of the 418 tracked storms, the lightning sferics were then grouped into flashes, using a Kernel Den-
sity Estimation (KDE) method and a ten-minute running sum of the distinct flashes was calculated. The
KDE method uses a Gaussian kernel with a bandwidth of 0.25s and allows for sferics to be grouped together
into distinct lightning flashes with total durations usually less than 1 s. More details can be found in (Larkey
et al., 2019). Figure 1 shows an example of one of these tracked storms. We used the Z-score, the number
of standard deviations away from the mean a data point lies, to perform analysis of when the TGF occurs
in the storms. The Z-score, in this case, is therefore analogous to a time measure of when in the storm the
TGF occurs. We have used two different versions of this statistic, namely, a Z-score with respect to the mean
time of all the flashes in the storm, and a Z-score with respect to the time of the maximum flash rate of the
storm. More specifically, we have used the following equations.

ZMean = (tTGFG_ lu) (]-)
Zopon = (trgr — a;gmax(R)) @)

Here, trgr represents the time of the TGF, u is the mean time of all flashes in the storm, o is the standard
deviation of lightning flash times about that mean, and argmax(R) is the time of the highest flash rate in the
storm. Using these statistics, a positive Z-score implies that the TGF occurred after the mean or maximum
flash rate, while a negative Z-score implies the opposite. Figure 2 shows an example of these statistics for
the same storm as in Figure 1.
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Figure 2. Running sum (600 s window) of flashes in an example TGF-producing thunderstorm. The vertical, green
dashed line represents the time of the TGF. The blue vertical line represents the time of the peak lightning flash rate,
while the red vertical line represents the mean time of all flashes. Labeled are the Z-score relative to the mean (red) as
well as the Z-score relative to the peak flash rate time (blue).

‘We have performed the analysis on two separate subsets of the storms: those with durations less than 1 h
(N = 129) and storms with durations longer than 1 h (N = 242). This one hour cut is justifiable as it is gen-
erally considered the upper bound on the length of a single-cell storm (Kolzov et al., 2013). It is also the
mode of the distribution of storm durations in our sample (see Figure A2) and thus emerges as the natural
duration to split the datasets into distinct populations.

2.2. Flash Rate Change at Time of TGF

We also examined how the flash rate was changing at the time of the TGF. In some cases, the TGF-produc-
ing storm might be a multi-cellular storm and, over the course of the evolution of the storm, the lightning
flash rate might rise and fall periodically as one cell dies out and another begins to dominate (See Figures 2
and 3, for example). Because of this it is not simply enough to look at when the TGF occurs in the storm as
a whole to determine if it is occurring during a declining phase of the lightning flash rate. It could simply
be that while the TGF occurs late in the storm, it occurs early in a cell's increasing stage. Because of this, we
wanted to determine if the TGFs are occurring during rising, falling, or plateau stages (i.e., near local peaks
in flash rates) of the nearest individual peak of its storm. Note that none of the results of this analysis rely
on the definition of a cell or even if these storms are in fact multi-cellular. The reference to multi-cellular
storms is meant only as a possible explanation for the flash rate variations seen in Figures 2 and 3 for exam-
ple. To examine this, we used a univariate spline to interpolate the flash rate data, resulting in a smoother
version of the flash rate curve. The derivative of the smoother spline curve gives an idea of whether the
flash rate is falling or rising at the time of the TGF. We used a peak finding algorithm to identify peaks and
determine their heights relative to zero. We defined a plateau in the flash rate, as those times when the flash
rate is greater than or equal to 80% of the height of the closest peak. For each TGF in our sample with at
least 15 flashes (N = 371), we use this method to categorize how the lightning flash rate is changing at the
time of the TGF. We define four distinct classifications, summarized as follows:

1. Falling: the flash rate at the time of the TGF is less than or equal to 80% the height of the nearest peak
and the derivative at the time is negative.
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Figure 3. Example of a Terrestrial Gamma-Ray Flash (TGF) classified as occurring during a falling stage of lightning
activity. The top panel shows the raw data (green) and the univariate spline used to fit the data (red). Also shown are
the identified peaks (magenta) with their heights being shown by the length of the lines. The solid magenta line shows
the closest peak to the TGF (the solid black line). The bottom panel shows the value of the derivative of the spline in the
top panel. Falling and rising stages are shown by the color of the shading.

2. Rising: the flash rate at the time of the TGF is less than or equal to 80% the height of the nearest peak
and the derivative at the time is positive.

3. Plateau (falling): the flash rate at the time of the TGF is greater than 80% the height of the nearest peak
and the derivative at the time is negative.

4. Plateau (rising): the flash rate at the time of the TGF is greater than 80% the height of the nearest peak
and the derivative at the time is positive.

To determine the significance of our results, we also use a bootstrap method. We pick a random flash from
each of the 371 storms and calculate how often the random flashes fall into the above categories. This pro-
cess is repeated 10,000 times, and the results are compared to the results of using the TGF alone.

2.3. Flash Rate at Time of TGF

In addition to looking at where in the storm phases the TGFs occur, we examined how the flash rate at the
time of the TGF compares to the mean and maximum flash rates of the entire storm. We calculated the
Z-scores of the flash rate at the time of the TGF relative to the mean and maximum flash rates in the storms.
This was also done for randomly selected flashes in the storms to compare random flashes to TGF flashes.
The equations used for this analysis (similar to Equations 1 and 2) are as follows:

(FRygr — ftzz)
ZMean = ——J6F TR~ (3)

OFR

_ (FRygr — max(FR))
ZMax - Orr (4)
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Figure 4. Ten-minute running averages of lightning flash rate (black) and flash amplitude (red) over the course of a
TGF-producing storm. The vertical green line marks the time of the TGF.

Here, FRygr is the flash rate at the time of the TGF, pyg is the mean flash rate, max(FR) is the maximum flash
rate, and oz is the standard deviation of the flash rate.

2.4. Flash Amplitude at Time of TGF

The final analysis we present here is an examination of how the amplitudes of lightning flashes near the
time of the TGF compared to the amplitudes of other lightning flashes in the TGF storms. To start, we de-
fined CG flashes as those which contained one or more return strokes (as specified in the ENTLN data) and
IC flashes as those which contained none (Thompson et al., 2014). We assigned each flash an amplitude,
designated as the sum of the absolute value of all constituent sferic amplitudes (in kA). For example, if a
flash were made up of a 100 kA stroke and a —30 kA stroke, we assigned the flash an amplitude of 130 kA.
Figure 4 shows an example of how the 10-minute averages of flash rate and flash amplitude vary for a given
storm.

We separated the lightning flashes by flash type (IC or CG) to examine the amplitudes of these types of
flashes near the TGF compared to the amplitudes in the rest of the storm. We defined “near the TGF” to be
within a £300 s window of the time of the TGF and took the near-TGF flash amplitude to be the average of
the CG (or IC) flashes in that time window - excluding the TGF flash itself. It has been shown that, for some
populations of TGFs, the associated radio sferics are stronger than other, typical lightning flashes (Con-
naughton et al., 2013; Stanley et al., 2006). There is also evidence that some observed sferics are directly as-
sociated with the TGF events themselves (Lyu et al., 2016; Mailyan et al., 2018, 2020; Pu et al., 2019). Finally,
there is evidence that lightning networks tend to underestimate the peak current associated with TGFs as
they assume that peak currents are proportional to the peak radio frequency radiation field, which may not
be true for TGFs similar to compact intracloud discharges (CIDs) (Mailyan et al., 2020). Nonetheless, all
of the above statements might only be true for a subset of TGFs as there are a large number TGFs without
associated sferics, which may be for a variety of reasons, including the possibility that some of the sferics
were too weak to be detected by lightning location networks. Regardless, to include the TGF-associated sfer-
ic amplitude in this analysis would not be appropriate. For this reason, we used a ten minute average flash
amplitude to get a measure of the near TGF flash amplitudes. The results do not change substantially if a
different window is used or if one uses just the 5 min prior to the TGF or the 5 min after the TGF to measure
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the “near TGF amplitude.” This was potentially a concern due to the results of Larkey et al. (2019), which
showed that the interval immediately before the TGF was usually longer than normal-implying a stronger
electric field or potential immediately before the TGF.

We compared the amplitudes of flashes near the TGF to all other flashes in the thunderstorms by calculat-
ing the Z-scores of their respective amplitudes using the following equations:

(ACG(TGF) = Hap)
Zog = 200 Thca” (5)
%ace

(Arcrery = Hage)
Ze =————HC (6)
Cac
Here, Acg(ror) and Arcrer) represent the amplitude of the CG and IC flashes near the time of the TGF, re-
spectively. s, and u,, . represent the mean CG and IC amplitudes, and o,; and o, are the standard
deviations of the respective amplitudes.

This process was done using just IC or CG lightning flashes. In some cases, there were no IC flashes within
the 10-minute window of the TGF, and in those cases, we did not use those storms to contribute to this
analysis. Furthermore, there were a number of cases where ENTLN did not provide amplitude data for
the identified sferics, and therefore those cases could not be used here. Because there are many storms for
which this amplitude data is unavailable, it is a possibility that the results of this analysis are not universal
to all TGF-producing thunderstorms, and this should considered when applying the results of this section.

3. Results
3.1. TGF Temporal Locations in Storms

For each of the 371 tracked events with at least 15 flashes, we calculated the two Z-score statistics men-
tioned in Section 2.1. The distributions of these two statistics are shown in Figure 5. To test if these results
are significantly different from “typical” lightning flashes, we have also calculated the statistics for random-
ly selected flashes in each storm (also shown in Figure 5). Using a two sample Kolmogorov-Smirnov (KS)
test, we see that for storms with durations shorter than an hour, the two distributions are very significantly
different (p-values of <0.01 [a confidence level of 99%] for each), however the p-values for the longer storms
are much higher and not statistically significant.

We find that, in the case of the shorter storms, for both measurements (relative to the mean and relative
to the max), there is an enhancement for Z-scores greater than zero, and fewer cases of Z-scores less than
zero-implying that TGFs occur more often later in those storms than early in their development. For the
Z-scores taken relative to the time of the peak flash rates of the storms, we also see a significant departure
between the two distributions. The TGF distribution clearly has fewer events around a Z-score of 0 (i.e.,
near the peak flash rate), and a slight enhancement for Z-scores greater than 0. This implies that TGFs are
less likely to occur on a per-flash basis during periods of peak lightning activity in thunderstorms and that
they are more likely to occur after the peak flash rate times in shorter storms. This is consistent with Smith
et al. (2010) which found that TGFs tend to occur when the lightning flash rate of a storm is declining.

The lack of significance in the bottom panels of Figure 5 is likely due to the fact that the longer storms are
more likely to be multi-cell storms and thus also tend to have more oscillations in the flash rate curve see
Figures 3 and 4 for example). In these storms, the conditions conducive to producing TGFs could potentially
be met several times over the lifetime of the entire system as the flash rate rises and falls repeatedly. On the
other hand, for shorter, perhaps single-cell, storms they might only be achieved near the end of the storms
lifetime.
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Table 1

Temporal Location of TGFs

1.0 Duration < 1 Hour Duration < 1 Hour
— TGF (129) — TGF (129)
0.8- Random (4916) Random (4916)
KS-Test p-value = 7e-05 KS-Test p-value = 2e-05
0.6- F
0.4- -
0.2- -
o
5 0.0
GC_, Duration > 1 Hour Duration > 1 Hour
a 1.0
— TGF (242) — TGF (242)
0.8- Random (55178) i Random (55178)
KS-Test p-value = 0.5 KS-Test p-value = 0.02
0.6- F
0.4- 5
0.2- F
0074 —2 0 2 4 -2 =2 0 2 4
Z-Score Rel. to Mean Z-Score Rel. to Max

Figure 5. Histograms of Z-scores relative to the mean time of the thunderstorms (normalized such that the integral
over the range is equal to one). Each panel has a different threshold for the minimum length of the storm. The red
curves show the distributions for the Terrestrial Gamma-Ray Flashes, while the blue curves show the distributions for
randomly selected flashes. (right column) Histograms of Z-scores relative to the peak flash rate times. The different
colored curves are the same as the left column. Also labeled in each panel is the p-value associated with the 2-sample
Kolmogorov-Smirnov Test for the distributions.

3.2. Flash Rate Change at Time of TGF

With regards to how the flash rate is changing at the time of the TGF, we found that 139 (37%) of the TGFs
in our sample occurred when the flash rate of the storm was falling, 60 (16%) occurred when the flash
rate was increasing, 103 (28%) occurred near a plateau and while the flash rate was falling, and 69 (19%)
occurred near a plateau and while the flash rate was increasing. To be sure that this was not just a selection
bias (i.e., a result of unequal rising and falling rates in the storms) we tested the significance of these results
as described in Section 2.2. The results of 10,000 random trials are summarized in Table 1 and Figure 6 (the
probabilities given in Table 1 assume a normal distribution). These results show that the large number of
TGFs which occur during a falling stage is extremely difficult to reproduce using random flashes and is like-
ly not the result of selection bias. The results remain significant even if a different threshold for the plateau

height is chosen and if only shorter (duration less than an hour) storms

or longer (durations greater than an hour) storms are used in the analysis.

Results of the Bootstrap Method Described Earlier

3.3. Flash Rate at Time of TGF

Random Random Probability
Real Trials Trials (Std. of Result In addition to looking at when in the storm phases the TGFs occur, we
Sy VEIRED (Mean) ) &) examined how the flash rate at the time of the TGF compares to the mean
Falling 139 88.16 8.02 1.75x 1078 and maximum flash rates of the entire storm. To do so, we calculated the
Rising 60 68.28 7.38 13.14 Z-scores of the flash rate at the time of the TGF relative to the mean flash
Plateau (Falling) 103 111.66 3.67 15.87 rate and the maximum flash rate in the storms. This was also done for
. randomly selected flashes in the storms. These distributions are shown

Plateau (Rising) 69 102.9 8.54 0.0036

in Figure 7.

Note. Given are the values found using just TGF flashes, as well as the
mean and standard deviation for each classification found during the  In this case, we see that there is no significant dependence on the flash

random trials. The last column shows the probability of getting the  rate (neither relative to the mean flash rate nor the maximum flash rate)

observed results by chance.

for the shorter storms. However, there is a strong tendency for the TGF to
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Figure 6. Radar plot showing the distribution of Terrestrial Gamma-Ray Flashes (TGFs) classified as falling (“F”), rising (“R”), plateau (falling) (“PF”), and
plateau (rising) (“PR”). The red curve shows the distribution for the actual TGFs, while each blue curve shows one random trial (10,000 trials in total). Also
labeled are the means and standard deviations for the random trials. The black dots mark the mean for each different classification.

occur at lower flash rates in the longer storms. It is evident from Figure A4 that shorter storms tend to have
lower overall flash rates when compared to the longer storms. This, along with the dependence to occur at
the lower flash rates during the long duration storms, indicates that TGFs have a preference to occur during
low flash rate periods in general and that the periods of relatively higher flash rates in longer storms makes
the production of TGFs less probable.

3.4. Flash Amplitude at Time of TGF

Of the 371 storms used for this analysis, 305 of them had at least one CG flash within 10 min of the TGF and
102 had at least one IC flash in that time. Figure 8 shows the results of the amplitude analysis described in
the previous section. We see that for both flash types and storm duration thresholds, the distributions rep-
resenting the flashes near the TGF are shifted to higher Z-scores which translates to higher amplitudes. The
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Figure 7. Histograms of flash rate Z-scores at the time of the Terrestrial Gamma-Ray Flash (red) and at randomly
selected times (blue) relative to the mean flash rate (left column) and the maximum flash rate (right column) of the
storms. The histograms are normalized such that the integral over the range is equal to one. The top row shows the
distributions for storms that last less than one hour while the bottom row shows the distributions for longer storms.
Also labeled are the p-values from the KS test to test the significance of the differences between the two distributions.
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Figure 8. Z-score distributions for CG (left column) and IC (right column) flash amplitudes both near the Terrestrial
Gamma-Ray Flash (TGF) (red) and away from the TGF (blue). Each histogram is normalized such that the integral over
the range is equal to one. Labeled are the number of flashes used to make up each of the curves. The top row shows the
distributions for storms that last less than one hour while the bottom row shows the distributions for longer storms.
Also labeled are the p-values from the KS test to test the significance of the differences between the two distributions.
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skewed shape of the blue curves in Figure 8 is caused by a larger number of relatively low amplitude flashes
occurring during high flash rate periods of the storms which acts to shift the distribution of all flashes to the
left as seen. The results here imply that TGFs occur during periods when the amplitude of the flashes tend
to be higher than the mean flash amplitude in the storms. This is consistent with the results of the flash
rate analysis above, as well as the inverse relationship seen between flash rate and flash amplitude, which
is often (but not always) the case (see Figure 4). The extremely low p-values produced by performing a KS
test on the two distributions, show that the differences between the distributions are statistically significant.
This indicates that perhaps the flash amplitude is more important for the production of a TGF than the flash
rate of the storm at the time.

4. Discussion

In this study, we have examined the relationship between storm phase and TGF production in 371 tracked
thunderstorms.This sample represents a subset of the 1,169 total TGF storms available, and consists of well
organized, isolated thunderstorms. The results of this study may not apply to other types of storms. We used
10-minute running sums of lightning flashes to define the lightning flash rates in the storms. We found that
while TGFs tend to occur in all phases of storms with durations longer than an hour, they are more likely
to occur during later phases and are less efficiently produced during the peak lightning activity of storms
with shorter (<1 h) durations. We further demonstrated that TGFs occur more often during falling stages of
local peaks in lightning activity than any other stage. In addition, we demonstrated that TGFs tend to occur
at lower flash rates than randomly selected flashes in storms. Finally, we showed that TGFs are more likely
to occur when the lightning flash amplitudes are larger than normal. All of these results were tested using
a 2-sample Kolmogorov-Smirnov test to quantify the significance.

The distinction between the analysis done in this work and other studies (e.g., Ursi et al., 2019 which found
that most of the TGFs in their sample occurred within +5 min of the peak lightning activity) is that we
are calculating the probability of the TGF occurring per lightning flash as opposed to the probability per
second. During peak lightning flash rate periods, there are obviously many lightning flashes occurring, but
the number of TGFs produced is not proportional to the total lightning flashes, meaning that TGFs are pro-
duced less efficiently during the peak flash rates than during other phases of the storms.

Several factors may make TGFs less likely during times of peak flash rate. For example, it is well estab-
lished that lightning activity is strongly tied to updraft speed and content (Baker et al., 1999; MacGorman
et al., 2011; Williams et al., 2005; Yoshida et al., 2017). Higher hydrometeor concentration, caused by higher
updraft velocities, could make streamer initiation easier and result in lightning initiating repeatedly when
large-scale electric fields are too low to support TGFs (Motley, 2006). Stronger convection at these times
could also compress the distance between the main negative and upper positive charge centers, resulting
in a lower overall potential, and therefore less chance of a TGF even regardless of the lightning initiation
field; this scenario was proposed by Fabro et al. (2019) as an explanation for why TGFs were surprisingly
under-produced in storms in central Africa. In addition, charge structure in storms is also known to become
more disorganized as the storms intensify and mature (Coleman et al., 2003; Marshall et al., 1995, 2009;
Stolzenburg et al., 1998). However, there is evidence that the charge structure becomes more horizontally
extensive in decay phases (Bruning et al., 2007). This may imply that the environment of the decay phases
of storms is more suitable for TGF production.

Our findings that TGFs occur later in shorter storms and the results showing that TGFs occur more often as
the flash rate is falling are consistent with the results of Smith et al. (2010) which found that TGFs tend to
occur when the flash rate is declining. The observation of an excess of TGFs occurring after the peak flash
rate in shorter storms is possibly explained in two different manners. First, it is likely that a larger electric
potential difference is required for TGF production as reflected in the RF model (Dwyer, 2003, 2008). It
might be possible that this electric potential or field is more likely to be reached after the peak flash rate, as
the storm has had longer to charge up and also because the flash rates are lower in later stages.

This explanation is contrasted by observations of Stolzenburg and Marshall (2008) in which balloon meas-
urements show that electric potentials tend to be smaller later in thunderstorms. It has also been observed
that the energy released per lightning flash tends to increase with time (Maggio et al., 2009). Furthermore,
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TGFs are observed to occur in winter thunderstorms in Japan (Bowers et al., 2017; Enoto et al., 2017; Wada
et al., 2019, 2020) where the thunderstorms are shorter and therefore cannot reach the same electric poten-
tials as taller thunderstorms (Rakov, 2003). Yet, these storms are still known for producing very powerful
lightning flashes (Brook et al., 1982; Holzworth et al., 2019; Turman, 1977). It is therefore possible that en-
ergy transferred by a lightning flash is the driving factor in determining whether or not a TGF is produced.
Namely, the more energy released by a lightning flash, the more likely it is to result in a TGF. This theory
also fits well with the other results of this study, namely the fact that TGFs tend to occur during low flash
rate periods which are consequently usually (but not always) periods of high amplitude flashes.

Our other findings, namely that TGFs occur during periods of lower flash rates and that the flashes near the
time of the TGF tend to be stronger than other flashes in the storm, is also consistent with the above expla-
nations. TGFs have been shown to be associated with higher energy flashes in prior work (see Connaughton
et al., 2013; Cummer et al., 2014; Inan et al., 1996, 2006; Stanley et al., 2006). The results presented here,
however, are distinct in the fact that the TGF flash itself is excluded from the calculations. These results
show that the non-TGF flashes near the time of the TGF, not just the TGF flash, are stronger than normal.
This implies that there is a special relationship between storm phase and TGF production. Properties of the
storm such as charge structure, electric field, flash rate, etc. likely play a role in the production of a TGF, and
therefore it is ultimately the surroundings or conditions of the storm at the time of a given lightning flash
that determine the production of a TGF. It is not just that any lightning flash can or will produce a TGF, but
rather that the environment plays a large part in whether or not a TGF will actually be produced.

In summary, the results described in this study show that TGFs tend to occur later in storms with shorter
durations, TGFs tend to occur while the flash rate is lower than average and declining, and that TGFs tend
to occur when the flash amplitudes are higher than average. These results apply for a subset of TGFs that
occur in isolated, well organized storms (roughly 30% of the total number of observations available).

Appendix A: Additional Storm Information

This appendix provides additional information about the thunderstorms used for the analysis in the
above sections. Because we used only lightning signature data to track the thunderstorms in this study,
we do not have the ability to comment definitively on the types of thunderstorms in our sample. How-
ever, it might be possible to make inferments on a case-by-case judgement. The following information
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Figure A1. Map showing the location of each of the storms used in this study. Each point represents one storm and the color represents the local time of the
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(Figures A1, A2, A3, A4 and A5) offers context on the storm locations and time of day, the storm durations
and size, and the flash rates in the storms.
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Figure A2. Scatter plot showing the relationship between the storm durations (in hours) and the size of the storms.
The size of the storms was calculated by measuring the bounding area of the storm using a convex hull of the
geolocations of lightning sferics. The individual points are colored based on the maximum flash rate in those storms.
Also included are histograms of the size and durations.
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Figure A3. Distributions of the mean (top), median (middle), and maximum (bottom) flash rates for all the storms.
The x-axis is in flashes per 10 min window.
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Data Availability Statement

Fermi TGF and WWLLN Association data can be found at the location: https://fermi.gsfc.nasa.gov/ssc/
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