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Abstract

A terrestrial gamma-ray flash (TGF) observed at ground level is presented.

It was recorded at the Lightning Observatory in Gainesville, Florida, on

June 13, 2014. Ground-based observations of TGFs are very rare. To date,

only two positively identified ones are found in the literature. Our TGF

was associated with a single-stroke negative cloud-to-ground discharge. It

had a duration of 16 µs and consisted of 6 pulses, two of which exceeded the

upper measurement limit of 5.7 MeV. The pulses apparently corresponded

to individual photons, which is a characteristic feature of TGFs. The TGF

began 191 µs after the return-stroke electric field peak. The stepped leader

duration was as short as 3.9 ms. There was essentially no energetic radiation

detected during the leader process. The NLDN-reported return-stroke peak

current was as high as 224 kA. The characteristics and occurrence context

of the LOG-recorded TGF are compared to those of the two similar events

found in the literature. In all three cases there was evidence of a channel
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carrying appreciable current to ground at the time of TGF, and the asso-

ciated (preceding or concurrent) cloud-to-ground discharge processes were

unusually intense.

Keywords:

lightning, energetic radiation, TGF

1. Introduction and literature review

Recent observations of hard x-rays and gamma-rays in thunderstorms

(other than the enhancements of gamma-ray background due to precipita-

tion of radon by rain) fall into three categories: surges in the gamma-ray

background (gamma-ray glows) lasting seconds to minutes; bursts of x-rays

associated with all kinds of natural and triggered lightning leaders, typi-

cally occurring within less than 1 ms of the return stroke; and Terrestrial

Gamma-ray Flashes or TGFs (typically less than 1 ms in duration). The

latter are usually observed from space, but on a few occasions were seen on

the ground or from an aircraft. At present, the only viable mechanism for

producing energetic radiation by lightning and thunderstorms involves run-

away electrons, which occur when the energy gained by the free electrons

between collisions, as they are accelerated by high electric field, exceeds the

energy that is lost by collisions with air molecules. X-rays and gamma-rays

are produced via what is called bremsstrahlung (braking radiation) that is

emitted when a free electron is deflected in the electric field of a nucleus or,

to a lesser extent, in the field of an atomic electron.

∗Corresponding author
Email address: manhtran@ufl.edu (M.D. Tran)
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The energy spectrum of observed gamma-ray glows is consistent with the

relativistic runaway electron avalanche (RREA) mechanism (also referred

to as the relativistic runaway breakdown theory), which requires energetic

(of the order of 0.1-1 MeV) seed electrons produced by cosmic rays and suf-

ficiently high electric fields (calculated to be of the order of 100 kV/m at an

altidue of 6 km) extending over a sufficient distance (of the order of a kilo-

meter). For all types of negative lightning leaders, the energy of individual

x-ray photons was estimated to be in the 30 to 250 keV range (the upper

limit is twice the energy of a chest x-ray), although occasionally photons in

the MeV range were observed. It is likely that x-ray emissions from cloud-

to-ground lightning leaders are associated with the so-called cold runaway

(also known as thermal runaway) breakdown, in which very strong electric

fields (>30 MV/m) cause the higher-energy tail of the bulk free electron

population to grow, allowing some electrons to runaway to high energies.

Such very high fields may be present at streamer heads or leader tips. It

does not appear that runaway electron production is a necessary feature

of lightning leaders. TGFs are associated with thunderstorms and individ-

ual lightning flashes, with accompanying electromagnetic signals (sferics)

mostly suggesting intracloud flashes effectively transporting negative charge

upward, including some compact intracloud discharges (CIDs), as the type

of parent lightning.

All three TGFs reported from ground-based observations (including

the one presented in this paper) occurred in Florida and were associated

with cloud-to-ground discharges effectively transporting negative charge to

ground. It is worth noting that we do not consider here x-ray/gamma-ray

observations at ground level reported by Ringuette et al. (2013, 2014), be-

3
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cause some or all of their events (all labeled as TGFs) could be associated

with leaders near ground, such events being outside the scope of this study.

It is thought that TGFs are produced by in-cloud lightning processes, but

it is not clear what the production mechanism is. One possibility is the

cold runaway breakdown during the stepping process of a negative in-cloud

leader. On the other hand, according to Dwyer and Cummer (2013), TGFs

could be produced in the absence of ordinary lightning, via runaway break-

down processes alone. Since the latter processes emit little visible light, the

phenomenon was referred to as dark lightning. Two TGF production mech-

anisms, RREAs in the large-scale homogeneous electric field inside the cloud

and the acceleration of cold runaway electrons in the highly nonuniform elec-

tric field of in-cloud leader, are illustrated in Figure 1 of Xu et al. (2015).

Additional information on energetic radiation from lightning is found in

Dwyer et al. (2012b).

In this paper, we present the first TGF observed at the Lightning Ob-

servatory in Gainesville (LOG), Florida. It was identified using the fol-

lowing criteria: (a) no sign of pile-up, characteristic of x-rays associated

with leaders near ground, is seen in the recorded pulses, (b) the duration

of the recorded pulse sequence is less than 1 ms, and (c) energy values for

the largest pulses corresponding to individual photons, exceed 1 MeV. The

characteristics and occurrence context of the LOG-recorded TGF are com-

pared to those of the two similar events found in the literature. In order to

make this comparison self-contained, we include a number of figures from

the previous works.

4
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2. Experimental setup

The Lightning Observatory in Gainesville (LOG) was established on the

University of Florida campus in 2004 primarily for measuring electromag-

netic fields produced by lightning. An overview of recent results obtained

at LOG is found in Rakov et al. (2014). Over the years the experimental

setup has undergone upgrades, modifications, expansions, and relocation. It

is currently located on the roof of the five-story New Engineering Building

(29◦38′32′′ N 82◦20′50′′ W). The LOG includes a glass cupola providing over

a 180◦ unobstructed view of the horizon. The cupola houses digitizing oscil-

loscopes, computers, and high-speed video cameras, with the various sensors

and associated electronics being located nearby on the roof. The sensors

currently include electric field antennas, electric field derivative (dE/dt) an-

tennas, magnetic field derivative (dB/dt) antennas, and an x-ray detector.

The low-gain and high-gain wideband electric field measuring systems have

useful frequency bandwidths of 16 Hz to 10 MHz and of 360 Hz to 10 MHz,

respectively. The corresponding decay time constants are 10 ms and 440

µs. The upper frequency bandwidth of the dE/dt measurement system is

10 MHz. Signals from all the sensors are relayed by fiber-optic links to the

glass cupola, where they are recorded and GPS-time stamped. A detailed

description of LOG is given by Mallick et al. (2014b).

The TGF record presented here was obtained using the LOG x-ray de-

tector that was previously used in the study of Mallick et al. (2012). The

detector consisted of a 7.6-cm length and 7.6-cm diameter cylindrical NaI

scintillator coupled with a photomultiplier tube and was powered by a 12-V

battery. A 0.32-cm thick aluminum box shielded the detector from moisture

and light, but allowed x-rays with energies down to 30 keV to enter from
5
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all direction. The output signal of the x-ray detector was transmitted via

an analog fiber optic link, Opticomm FM, to an oscilloscope, sampling at

100 MHz.

We used a Cs-137 radioactive source (emitting 662 keV photons) to cali-

brate the x-ray detector. The upper measurement limit was about 5.7 MeV

with the lowest measurable energy being 75 keV. The expected occurrence

of background x-rays at LOG is 1 in 8 ms. Additional details about the

x-ray detector and background x-ray radiation at LOG can be found in

Mallick et al. (2012, 2014a).

LOG data to be presented here include electric field and electric field

derivative records corresponding to the observed gamma-ray emission. Un-

fortunately, no optical data are available for this event (it was outside of

the fields of view of our high-speed video cameras installed at LOG).

We additionally used data from the US National Lightning Detection

Network (NLDN), from the Earth Networks Total Lightning Network (ENTLN),

and from the National Weather Service radar located near Jacksonville, FL,

112 km from the LOG.

3. Data presentation

On June 13, 2014, at about 15:53 (UT), a cell in a large (hundred kilo-

meters in extent) thunderstorm system, moving from West to East, passed

over Gainesville, Florida. Since its arrival until about 16:20 (UT), the thun-

derstorm cell, whose 18–dBZ echo top height was approximately 12 km,

produced numerous lightning discharges in the Gainesville area. During

this time period, the maximum horizontal extent of the cell at an altitude

of 5 km above ground increased from 14 to 28 km. The TGF was asso-
6
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ciated with a negative single-stroke flash that occurred at 16:12:59 (UT)

and terminated, according to the NLDN, at a distance of 7.5 km from the

LOG. The NLDN also reported one pulse of the preliminary breakdown

pulse train, which was located at a horizontal distance of 3 km from the

return stroke, in the high-reflectivity (>45 dBZ) region of the cell, located

at altitudes of 3-6 km above ground. The stroke to ground and PB pulse

were detected by 20 and 3 NLDN sensors, respectively. It follows from the

LOG electric field record that the return stroke was followed by a 20-ms

duration continuing current. The negative return stroke was also reported

by the ENTLN (detected by 527 sensors) and GLD360 (detected by 9 sen-

sors), and the LF magnetic field sensor at Duke University at a distance

of about 760 km, but was missed by the World Wide Lightning Location

Network (WWLLN).

7



 1 

 2 

 3 

 4 

 5 

 6 

 7 

 8 

 9 

10 

11 

12 

13 

14 

15 

16 

17 

18 

19 

20 

21 

22 

23 

24 

25 

26 

27 

28 

29 

30 

31 

32 

33 

34 

35 

36 

37 

38 

39 

40 

41 

42 

43 

44 

45 

46 

47 

48 

49 

50 

51 

52 

53 

54 

55 

56 

57 

58 

59 

60 

61 

62 

63 

64 

65 

Figure 1: (top) low-gain and (bottom) high-gain electric field records of preliminary

breakdown pulses of the TGF producing flash. One of the preliminary breakdown (PB)

pulses, which was misclassified by the NLDN as a 50-kA positive stroke (+CG), is marked

in the top panel. The first discernible electric field pulse in the high-gain field record

that we attributed to PB occurred 3.9 ms prior to the return stroke.

The electric field of the beginning of the preliminary breakdown (PB)

stage of the TGF-producing flash is shown in Figure 1. The first discernible

PB pulse is marked in the lower panel in Figure 1, with no pulses exceeding

twice the noise level being observed prior to that pulse. The first PB pulse

preceded the return stroke by 3.9 ms, which means that the stepped leader

duration was very short. There are three possible explanations of that: the

leader was very fast, or the main negative charge region was at unusually

low altitude, or both. Zhu et al. (2014) found that such short-duration

stepped leaders in Florida originated at normal altitudes and, hence, were

unusually fast. The following return stroke currents in their study were very

high, which is in line with the peak current (224 kA) reported by the NLDN

8
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for our event. One of the preliminary breakdown pulses was misclassified by

the NLDN as a 50-kA positive return stroke (+CG), located at a horizontal

distance of 3 km from the negative-stroke ground termination point.

Figure 2: (top) Magnetic field at 441 km, (middle) electric field at 28 km, and (bottom)

electric field at 7.5 km of TGF-producing stroke recorded by NLDN, ENTLN, and LOG,

respectively. The linear vertical scale in the middle panel applies only to the ±15 V/m

range (the sensor response is non-linear outside that range). The LOG waveform in

the bottom panel is compensated to remove the 10-ms instrumental decay. PB and RS

stand for preliminary breakdown and return stroke, respectively. Vertical broken lines

(separated by 191 µs) in the bottom panel indicate the times of RS initial peak and TGF

first pulse.

9
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Figure 3: (a) TGF observed at LOG on June 13, 2014. It had a duration of 16 µs (6

x-ray/gamma-ray pulses, 2 of which can only be seen on an expanded vertical scale),

and began 191 µs after the return-stroke electric field peak. (b) dE/dt and (c) low-

gain electric field records acquired at LOG (7.5 km from the channel to ground). The

NLDN-reported return-stroke peak current was 224 kA.

The magnetic field at 441 km and electric field at 28 km of the TGF-

producing stroke recorded by the NLDN and ENTLN, respectively are pre-

sented, as examples, in Figure 2. Also shown in Figure 2 is the low-gain

electric field record obtained at LOG. Not counting the LOG waveforms,

the ENTLN waveform is the closest of all the available waveforms for this

event. It shows the preliminary breakdown pulse train (about 2 ms in du-
10
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ration), a quiet interval (about 1 ms in duration), leader pulses (between

-0.5 ms and 0), and return stroke (RS) waveform (whose initial peak is at

t = 0). During the leader stage, only one 930 keV x-ray/gamma-ray pulse

was detected 1.34 ms before the return-stroke electric field peak. The TGF

began 191 µs after the return-stroke initial field peak (see vertical broken

lines in the bottom panel of Figure 2).

Figure 4: (a) Six TGF pulses and (b) corresponding dE/dt waveform, recorded at LOG

and shown on a 20-µs time scale. Two smallest pulses in (a) are marked with their

energies. Magnitudes of the two saturated pulses were estimated, via reconstruction

described by Dwyer et al. (2012a), to be 13 and 10 MeV. Note dE/dt burst (better seen

in Figure 3b) peaking near 202 µs.

Figure 3 shows, from top to bottom, x-ray/gamma-ray, dE/dt, and elec-

tric field records of the TGF-producing stroke, respectively, all obtained at

LOG. The 16-µs-long TGF started 191 µs after the return-stroke electric

field peak (202 µs after the return-stroke onset). The TGF consists of six
11
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pulses, two of which are clipped at 5.7 MeV. Of the other four, two are

slightly larger than 2 MeV, and two have energies of 102 and 95 keV. Since

no sign of pile-up was found in the 6 TGF pulses seen in Figure 4a (al-

though the 2 smallest pules are significantly influenced by noise), they were

assumed to be produced by 6 individual photons. Due to the background

noise, we are not sure whether the two other pulses were produced by single

photons. The expected background x-ray/gamma-ray occurrence at LOG is

about 1 pulse per 8 ms (Mallick et al., 2012). The probability of occurrence

of 6 background x-ray pulses in 16 µs, assumed to obey Poisson probability

distribution, is 8.9 ×10−20. Thus, we can essentially rule out the possibil-

ity that the background x-ray/gamma-ray radiation was the source of the

observed signature. Interestingly, the TGF was apparently accompanied

by a dE/dt burst seen in Figures 3b and 4b. This feature has never been

reported before.

As noted above, the LOG electric field record suggests that the return

stroke was followed by a continuing current. Its initial part appears as a

ramp-like field change in Figures 2c and 3c. A shallow hook-shaped elec-

tric field change starting during the ramp-like field change can be seen in

Figure 3c between 130 and 190 µs, which is likely to be produced by an M-

component. Visacro et al. (2013), who examined M-component currents fol-

lowing first strokes in natural lightning measured at an instrumented tower,

reported that the elapsed time between the return stroke peak and the be-

ginning of M-component in natural lightning ranged from 0.09 to 2 ms. The

time interval between the return stroke and the hook-shaped electric field

change in Figures 2c and 3c is consistent with that range of elapsed times.

The duration (about 60 µs) of the hook-shaped field change in Figure 3c is

12
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considerably smaller than typical values (hundreds of microseconds) found

in the literature (Malan and Schonland, 1947; Thottappillil et al., 1995).

Visacro et al. (2013) also found that the first-stroke M-components are

more intense and transfer to ground 3 times more charge than those fol-

lowing subsequent strokes in rocket-triggered lightning (Thottappillil et al.,

1995).

4. Comparison with previous observations and discussion

As of this writing, only two positively identified TGFs observed at

ground level are found in the literature. The first one, associated with

a negative rocket-triggered lightning flash at Camp Blanding, Florida, was

observed on August 15, 2003. The second one occurred after the nega-

tive return stroke of a natural CG flash at the same research facility on

June 30, 2009. The TGF record of the former is presented in Figure 5, in

which the six panels are six consecutive 75-µs segments of a 450-µs portion

of the x-ray/gamma-ray record. A total of 227 pulses corresponding for

227 individual photons were detected within 300 µs. Figure 6 shows the

channel-base current of the flash. The gamma-ray burst coincided with an

ICC pulse shown on an expanded (2-ms) time scale, along with the TGF,

in Figure 7. The second TGF-producing flash found in the literature con-

tained a single stroke, whose NLDN-reported peak current was as high as

99 kA. The x-ray/gamma-ray, optical intensity, and close vertical electric

field records of this event are presented in Figure 8. The TGF was 53-µs in

duration and started 191 µs after the return stroke onset.

Characteristics of the 3 TGF events (including the one recorded at LOG)

are summarized in Table 1. The TGFs associated with the two natural
13
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flashes both occurred in unusually intense single-stroke flashes (in particular

our event), about 200 µs after the return stroke. The TGF associated with

the triggered flash occurred during an unusual large (11-kA) ICC pulse.

14
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Figure 5: Gamma-ray burst associated with a rocket-triggered lightning flash at Camp

Blanding, Florida, on August 15, 2003. Each pulse is produced by the detection of an

individual gamma-ray (a total of 227 over a 300-µs time interval). The raw data have

been multiplied by -36 MeV/V, so that the energy of the individual gamma-rays can be

read. The six panels show the consecutive 75 µs segments of the 450 µs portion of the

record. Adapted from Dwyer et al. (2004).
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Figure 6: Electric current, measured at the rocket launcher, for the lightning triggered on

15 August 2003. The arrows indicate the start of the initial-stage, which corresponds to

the beginning of the upward propagating positive leader; the time of the ICV associated

with the wire vaporization; the time of the observed gamma-ray burst and the time of the

return stroke. During the initial-stage, a total of 57 C was brought to the ground, which

is about a factor of two greater than typical values for triggered lightning. Adapted from

Dwyer et al. (2004).
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Figure 7: Expanded view of the time period shown in Figure 6. The top panel shows the

gamma-ray data as measured by the 12.7-cm NaI detector in the first instrument. The

bottom panel shows the electric current data, measured at the lightning channel base.

The TGF began when the channel-base current was about 4.5 kA. Adapted from Dwyer

et al. (2004).
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Figure 8: (top) x-ray and gamma-ray emissions measured from the June 30, 2009 natural

CG lightning at Camp Blanding, Florida. The start of the return stroke is at t = 0. The

emissions before the return stroke are x-rays from the stepped leader. The 53-µs burst

(19 pulses) starting at 191 µs is the gamma-ray flash. The horizontal dotted line shows

where the signals are clipped due to saturation of the fiber optic electronics. The small

horizontal bar shows the duration of the gamma-ray flash on all detectors. (middle)

Optical emission from the return stroke measured by two detectors facing southwest and

northeast (the larger signal). (bottom) Vertical electric field measured at station E-10

at a distance of 800 m, according to the NLDN. The negative deflection is due to the

stepped leader lowering negative charge to the ground. NLDN-reported peak current

was 99 kA. Adapted from Dwyer et al. (2012a).
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We presented here a third positively identified TGF observed at ground

level (the first one at LOG). Each additional ground-based recording of TGF

is very valuable, since they are very rare. TGFs are produced by still not well

understood in-cloud processes, as opposed to x-ray signatures associated

with leaders near ground. Dwyer and Cummer (2013), based on the theory

of relativistic feedback discharge (“dark lightning”), predicted characteristic

VLF/LF field waveforms with 200-µs zero-crossing time for TGF events. For

our TGF event, we recorded at LOG only a close electric field waveform,

which is dominated at the time of TGF occurrence by the electrostatic

field component. Distant field waveforms recorded by the ENTLN and

NLDN show a large pulse that begins prior to the TGF onset. Examples

from the NLDN and ENTLN are shown in the top and middle panels in

Figure 2, respectively. The ENTLN waveform was recorded with an analog

bandwidth of 5 kHz to 10 MHz, digitized with a sampling interval of 42 ns,

and then compressed. The NLDN waveform was recorded with a bandwidth

of 400 Hz to 400 kHz and was sampled every 200 ns. It was also compressed.

Mallick et al. (2012) recorded 23 strokes (8 first and 15 subsequent)

within 2 km of the LOG. Out of the 23 strokes, 14 produced single x-ray

pulses or x-ray bursts (sequences of two or more pulses), and 9 did not

produce detectable x-ray emissions. Not all strokes within the same flash

produced x-rays, and 5 out of 7 subsequent-stroke (dart or dart-stepped)

leaders produced more x-ray pulses than their corresponding first-stroke

leaders. In one flash, all three strokes recorded at LOG produced x-rays,

but the third stroke was much more prolific x-ray producer (a total of 109

discernible pulses) than the other two strokes (19 and 3 pulses). It is im-

portant to note that some pulses were due to multiple photons arriving

20
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within the response time (about 1 µs) of the x-ray detector; that is, were

actually each a superposition (pile-up) of two or more individual pulses. All

discernible individual pulses were included in the pulse count given above.

All three strokes occurred in the same channel. For the third stroke, some

pulses associated with individual photons were in excess of 2 MeV and in

one case greater than 5 MeV. In fact, the x-ray burst of this stroke was

unusually intense and could be viewed as TGF if not the piling-up effect

(photons arriving in sub-microsecond bursts, which is characteristic of x-ray

emissions of leaders near ground). NLDN-reported peak currents for strokes

1 and 3 were similar (50 and 55 kA, respectively). Nevertheless, the num-

ber of x-ray pulses produced by strokes 1 and 3 differed dramatically. One

possible explanation of this observation is beaming of the source electrons

(different for different steps or segments of the leader channel). However,

Saleh et al. (2009) found, for triggered-lightning leaders, that the source

electrons are probably emitted isotropically. According to a more recent

study (Schaal et al., 2013), the emission may be not isotropic for individual

leader steps, but is isotropic for all steps combined. Another explanation of

the lack of x-rays from some steps, offered by Mallick et al. (2012), is that

the electric field enhancements (>30 MV/m or so for the case of normal air

density), needed for the cold runaway breakdown, are very brief and highly

localized, so that in many cases an electron capable of starting the efficient

x-ray-producing runaway process may be unavailable. On the other hand,

it is often assumed (e.g., Moss et al., 2006) that any low-energy free electron

in the presence of external electric field greater than about 262 kV/cm (at

ground-level air density) will run away and generate x-rays, but they may

be not energetic enough to be detectable. Overall, it seems that the cold
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runaway breakdown may be not a necessary feature of lightning leaders,

although this fundamental question remains unanswered.

Cooray et al. (2009, 2010) have advanced a theory of how dart leaders

might produce x-rays. It relies on the cold electron runaway mechanism

which operates in previously conditioned lightning channels when the dart

leader electric field briefly exceeds (by a factor of 10 or so) the conventional

breakdown value. Mallick et al.’s (2012) observation that subsequent-stroke

leaders were often more prolific producers of detectable x-rays than their

corresponding first-stroke leaders is in support of the theory of Cooray et al.

(2009, 2010). According to that theory, a low-density channel traversed by

subsequent-stroke leaders is more conducive to occurrence of the cold run-

away breakdown than the virgin air in which first-stroke leaders have to

develop. This finding may have implications for production of TGFs, which

may also preferentially occur via secondary breakdown retracing the rem-

nants of a previously conditioned channel or a cloud region. Specifically,

the following hypothetical scenario can be inferred from the contexts in

which the newly-observed TGF and two previously published ones have

occurred. In all three cases there was evidence of a channel carrying ap-

preciable current to ground. It is likely that this current was supplied

by a branched positive in-cloud leader. Individual branches of the leader

could be at different stages of development, some actively growing while

others decaying. It is known that, in the presence of an active channel

to ground, decayed branches can facilitate the occurrence of M-component-

type transients. Such transients are often initiated by so-called recoil leaders

whose negative ends develop in decayed positive leader branches toward the

current-carrying channel to ground. Conditions for cold runaway break-
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down and resultant gamma-ray emission could be created by the warm, low

density medium (decayed in-cloud branch channel) and super-fields briefly

produced in the tip of recoil leader. This scenario is admittedly speculative

and does not explain the occurrence of our TGF after the M-component

onset. Other scenarios are possible. For example, Dwyer et al. (2012a) sug-

gested that their TGF could have come from the defunct negative leader

branches that were quickly brought to nearly ground potential during the

return stroke, thus causing the electric fields in their streamer zones to

reverse and reach large magnitudes. These electric fields near the leader

branch tips may cause RREA multiplication, augmented by either cold run-

away electron emission or relativistic feedback, capable of TGF generation.

In applying this scenario of recharging leader branches during the return

stroke to our case, it is not clear why those same branches did not produce

x-ray emissions during the leader stage. Clearly, further research (including

observations from orbit, in mid air, and at ground, as well as associated

modeling) is needed to improve our understanding of the nature of TGFs

and their sources.

5. Summary

We presented a third positively identified TGF recorded at ground level.

One of the previously reported TGFs occurred during the initial stage of a

rocket-triggered negative flash and the other was observed about 191 µs after

the return-stroke onset of a natural negative single-stroke flash. Our TGF,

recorded at LOG, Florida, was detected 202 µs after the onset of the only

return stroke in a natural negative lightning flash and was accompanied

by a dE/dt burst. The stepped-leader duration was as short as 3.9 ms.
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During the leader stage, essentially no energetic radiation was detected, in

contrast with the previously reported TGF-producing natural flash. The

NLDN-reported peak current of the return stroke was 224 kA. The newly-

observed TGF and previously reported ones occurred in similar contexts. In

all three cases there was evidence of a channel carrying appreciable current

to ground. The TGFs associated with the two natural flashes both occurred

in unusually intense single-stroke flashes (in particular our event), about

200 µs after the return stroke. The TGF associated with the triggered flash

occurred during an unusual large (11-kA) ICC pulse.
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