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The Telescope Array (TA) experiment is designed to detect air showers induced by ultra high energy 
cosmic rays. The TA ground Surface particle Detector (TASD) observed several short-time bursts of air 
shower like events. These bursts are not likely due to chance coincidence between single shower events. 
The expectation of chance coincidence is less than 10−4 for five-year’s observation. We checked the 
correlation between these bursts of events and lightning data, and found evidence for correlations in 
timing and position. Some features of the burst events are similar to those of a normal cosmic ray air 
shower, and some are not. On this paper, we report the observed bursts of air shower like events and 
their correlation with lightning.

© 2017 Elsevier B.V. All rights reserved.
1. Introduction

There have been reports about the observation of energetic 
radiation from thunderclouds. Some of these reports discuss the 
increasing rates of radiation at the ground in the presence of 
thunderclouds. Some of them discuss bursts of energetic radia-
tion observed from space, known as terrestrial gamma-ray flashes 
(TGF) [1,2], also from aircraft [3]. They are believed to be associ-
ated with upward lightning flashes at the tops of thunderclouds. 
The observation of TGF on the ground was reported by Dwyer, et 
al. [4] Other observations of energetic radiation have been associ-
ated with individual lightning processes in the flash. The possible 
mechanism for some of these kinds of energetic radiation from 
thunderclouds is Relativistic Runaway Electron Avalanches (RREAs) 
or due to strong electric field on the streamer tip summarized by 
Dwyer, et al. [5]

Lightning is classified by the discharge region, intracloud light-
ning (IC), cloud to ground lightning (CG) and cloud to cloud 
lightning. The natural lightning flash consists of several processes, 
known as the stepped leader, return stroke, dart leader and subse-
quent return stroke. The leader direction may be up or down and 
of positive or negative polarity, hence there are four types of light-
ning for cloud to ground lightning. However, except for lightning 
strikes on tall objects, most lightning starts with negative charges 
moving downward.

Moore, et al. [6] reported the observation of the energetic ra-
diation from stepped leaders, using NaI as a radiation detector. 
Dwyer, et al. [7,8] reported the observation of the energetic ra-
diation from dart leaders, also using NaI as a radiation detector, 
for rocket triggered lighting. Dwyer, et al. [9] reported the obser-
vation of energetic radiation from stepped leaders, and Dwyer, et 
al. [10] reported association with the return stroke, also using NaI 
as a radiation detector, for natural cloud to ground lightning.

On the other hand, the stepped leader, the beginning of light-
ning, cannot start only by the electric fields in the usual thun-
derstorm. Therefore, it has been hypothesized that cosmic ray air 
showers play a role in triggering lightning by ionizing the atmo-
sphere. In support of this, there have been several reports of ener-
getic radiation observed with lightning.

Gurevich, et al. [11,12] reported the coincidence of air showers 
with lightning, using NaI and gas-counters as radiation detectors. 
Chilingarian, et al. [13] also reported the coincidence of air show-
ers with lightning, using plastic scintillators. Gurevich, et al. [14]
presented the results of radio emission measurements and dis-
cussed as follows. If cosmic ray air showers stimulate the electron 
avalanche in lightning, their observed radio event rates seem in-
consistent with the flux of cosmic rays with energies estimated 
from the observed radio amplitudes of electron avalanche. The cos-
mic ray energies estimated from the avalanche amplitudes are five 
to six orders of magnitude higher than those estimated from the 
rates. Hydrometeors are introduced in an effort to overcome this 
inconsistency [14].

2. Observed burst events

The Telescope Array (TA) experiment, located in midwest Utah, 
USA(39.3N, 112.9W, Alt 1382 m), consists of two types of detec-
tor (Fig. 1). Both methods observe the high energy phenomenon 
known as an “air shower”, which is generated by an ultra high 
energy cosmic ray. One instrument is atmospheric fluorescence 
telescope detectors and the other is ground surface particle de-
tectors [15]. In contrast to atmospheric fluorescence which is ob-
servable during moonless nights, the TA Surface Detector (TASD) 
runs all day throughout the year. TASD consists of 507 plastic 
scintillation counters. The particle detecting part of an individual 
TASD counter is shown in Fig. 2. The energy deposition on this 
counter for a vertical muon is 2.043 MeV and the equivalent en-
ergy for trigger threshold is 0.7 MeV. The counters are deployed 
as a square grid array with 1.2 km spacing, and covers 680 km2

altogether. When three adjacent detectors detect a signal, each of 
which corresponds to more than three particle equivalent in 8 μs, 
TASD judges that their signals are from an air shower, causing sig-
nal waveforms to be digitized from all detectors within ±32 μs of 
the trigger time [15]. The TASD is designed to detect all air show-
ers from cosmic rays whose primary energy is more than 1019 eV. 
The average rate of shower trigger is 7.5 mHz and the expected 
cosmic ray energy at the threshold level is 1017.5 eV [15].

The particle detectors used in the preceding studies on intro-
duction were mainly NaI, sometimes coupled with gas counters or 
plastic scintillators. The TASD uses plastic scintillator, with an area 
approximately 300 times larger than the NaI detectors but lack-
ing the ability to measure the energy of individual particles. The 
TASD scintillator responds about 10 times faster than NaI. Whereas 
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Table 1
Reconstructed SD event list with NLDN lightning information. AS means air shower event observed by TASD, and LG means lightning event measured by NLDN. These X, Y, 
and zenith angle are relative to the TA site. The estimated AS zenith angle (in deg), LG peak current (in kA) are in same column. Alt parameter from shower front curvature 
and IC/CG flag for lightning are in the same column. The accuracy of zenith angle and alt parameter for these shower size are about 0.8(in deg) and about 100 m.

Event Date Time μsec X Y Zenith [deg] Alt [km]
yyyy/mm/dd HH:MM:SS [μs] [km] [km] LG [kA] IC/CG

AS 2010/10/04 16:58:42 930565 11.36 −7.43 15.7 4.0
AS 2010/10/04 16:58:42 930612 10.48 −7.37 13.1 4.4
AS 2010/10/04 16:58:42 930835 11.14 −8.16 27.7 3.3

LG 2010/10/04 16:58:42 930608 12.5 −5.1 −63.5 IC
LG 2010/10/04 16:58:42 934058 10.6 −8.1 −35.8 CG

AS 2011/07/27 08:06:15 124319 3.45 1.95 5.3 4.1
AS 2011/07/27 08:06:15 124543 2.90 2.23 19.2 3.1

LG 2011/07/27 08:06:15 124303 3.7 2.3 −35.6 IC
LG 2011/07/27 08:06:15 130887 3.1 2.0 −28.0 CG

AS 2011/09/16 19:40:56 567481 −3.21 −9.29 38.8 3.3
AS 2011/09/16 19:40:56 567566 −3.52 −9.41 32.2 3.1

AS 2012/07/06 01:49:11 184219 9.85 −10.70 24.2 3.8
AS 2012/07/06 01:49:11 184307 7.64 −9.67 23.6 3.4

LG 2012/07/06 01:49:11 184122 9.0 −9.7 −36.3 IC

AS 2012/09/07 01:55:45 380684 −8.64 1.25 14.9 4.5
AS 2012/09/07 01:55:45 380755 −9.86 −0.34 11.4 4.8
AS 2012/09/07 01:55:45 380881 −9.45 −0.96 31.7 3.4

LG 2012/09/07 01:55:45 380675 −9.0 0.7 −53.9 IC
LG 2012/09/07 01:55:45 390411 −9.6 −2.0 −20.1 CG
LG 2012/09/07 01:55:45 409370 −8.6 −1.7 −12.2 CG
Fig. 1. Telescope Array Experiment. Totally 507 ground surface particle detectors 
(tiny dots above) are surrounded by three atmospheric fluorescence telescope sta-
tions (blue open circles). (For interpretation of the references to color in this figure 
legend, the reader is referred to the web version of this article.)

preceding detectors have been deployed over several square kilo-
meters, the TASD covers about 300 times this area but is inefficient 
for small events due to the lower number density of the detectors.

In this paper we focus on TASD data collected from May 11, 
2008 to May 04, 2013. We searched for temporal clusters of air 
shower events. We found ten cases in which at least three air 
shower triggers were recorded within 1 ms, called bursts. In each 
case, the air shower events within the burst are localized within 
a radius of approximately 1 km, although the position informa-
tion was not a criteria of the search. Considering the events which 
could not generate shower triggers but were found in waveforms, 
the time gaps of events in a burst are distributed from several to a 
hundred microseconds. (See Fig. 11, for example.)

Five of the ten bursts contained events which were recon-
structed, using a slightly modified air shower reconstruction pro-
gram in which nonreconstructable preceding waveform units were 
removed from multi-waveform events. The reconstructed results 
are summarized in Table 1. Two views of burst events are shown in 
Fig. 2. Particle detecting part of TASD consists of two layers of plastic scintillator. 
Each scintillation layer has 1.2 cm thickness and is read out by wavelength-shifting 
fibers and one photomultiplier tube.

Figs. 3 and 4 as examples. In the top panels of these three figures, 
the horizontal and vertical axes denote east/west and north/south 
coordinates in kilometers relative to the TA site, respectively. In 
addition, a typical (normal cosmic ray) air shower event view is 
shown in Fig. 5 for comparison. The zenith angle of the cosmic ray 
event is almost the same as that of the above two events, and its 
shower-size is between that of the two events. Fig. 6 shows the 
waveforms which compose each event.

The reconstructed air shower directions for individual bursts 
appear to point to small regions at altitudes lower than the ex-
pected first interaction depth of cosmic ray air showers of compa-
rable size. All reconstructed air shower fronts for the burst events 
are much more curved than usual cosmic ray air showers. Please 
compare the middle plots in Figs. 3 and 4 for burst events and 
Fig. 5 for a normal event. In this reconstruction, the shower front 
is modeled as a sphere expanding at the speed of light from one 
point in the sky. Therefore, the altitude of this point, obtained from 
a fit, can be used as the parameter of shower front curvature. The 
altitude parameters of all reconstructed burst events are in a re-



2568 R.U. Abbasi et al. / Physics Letters A 381 (2017) 2565–2572
Fig. 3. Burst event 120706-014911-184219. Top: Particle hit mapping. The point size 
corresponds to the number of detected particles. The point color shows particle 
arrival timing. The adjacent number is vertical equivalent muon. Middle: Lateral 
arrival timing distribution. Bottom: Lateral distribution of the number of detected 
particles. (For interpretation of the references to color in this figure legend, the 
reader is referred to the web version of this article.)

Fig. 4. Burst event 120706-014911-184307. Top: Particle hit mapping. The point size 
corresponds to the number of detected particles. The point color shows particle 
arrival timing. The adjacent number is vertical equivalent muon. Middle: Lateral 
arrival timing distribution. Bottom: Lateral distribution of the number of detected 
particles. (For interpretation of the references to color in this figure legend, the 
reader is referred to the web version of this article.)
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Fig. 5. Normal event 080701-234921-873245. Top: Particle hit mapping. The point 
size corresponds to the number of detected particles. The point color shows particle 
arrival timing. The adjacent number is vertical equivalent muon. Middle: Lateral 
arrival timing distribution. Bottom: Lateral distribution of the number of detected 
particles. (For interpretation of the references to color in this figure legend, the 
reader is referred to the web version of this article.)

Fig. 6. Signal waveforms from SDs in the vicinity of shower core. Red and blue 
correspond to the two PMT channels for two layers of scintillator. Each hor-
izontal level corresponds to the pedestal of individual SD. Vertical value has 
shifted to avoid superposition of waveforms from different SDs. Top: Burst event 
120706-014911-184219. Middle: Burst event 120706-014911-184307. Bottom: Nor-
mal event 080701-234921-873245. (For interpretation of the references to color in 
this figure legend, the reader is referred to the web version of this article.)
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gion much lower than that of usual cosmic ray air showers. This 
means that these burst showers seem to start developing at lower 
altitudes in the sky than normal air showers.

Waveforms of many burst events do not have sharp rising edges 
for SDs located near the shower core (Fig. 6). Burst event wave-
forms indicate that burst shower particles do not resemble normal 
cosmic ray air showers. However, time integrated energy deposit 
in the SDs is similar (please compare the bottom plots in Figs. 3
and 4 for burst events and Fig. 5 for a normal event), and can be 
fitted by a model from cosmic ray air shower simulation.

If these showers are induced by cosmic ray, the primary energy 
of cosmic ray is around 1018 to 1019 eV as estimated by signal 
amplitude and distribution. On the other hand, the event rate of 
3 events in 1 ms in 1 km2 is what is expected for a cosmic ray 
energy of about 1013 eV. Therefore, the estimated energy from in-
dividual events within the bursts is five to six orders of magnitude 
higher than the energy estimated by event rate. This inconsistency 
is quite similar to that discussed in Gurevich, et al. [14], which was 
mentioned in the introduction.

3. Correlation with lightning

We checked these bursts against the Vaisala lightning database. 
This database comes from U.S. National Lightning Detection Net-
work (NLDN). NLDN detects lightning by multi-position very-low-
frequency band antennas, and derives lightning information from 
radio arrival timing and waveform [16,17]. The database contains 
time, position, peak current and IC/CG flag. NLDN is somewhat 
inefficient for intracloud lightning detection [16]. The timing ac-
curacy of lightning discharge is sub-microseconds [18].

NLDN lightning events were obtained which had a position 
within a 15 mile radius of the center of the TA site, and occurred 
between May 2008 and April 2013. The number of the detected 
lightning was 10073. 79% of the listed lightning events have flags 
indicating cloud to ground lightning. 85% of the listed lightning 
events have negative peak current. The location and peak current 
distributions of lightning on the list are shown in Fig. 7.

As summarized in Table 1, we searched for correlations in time 
between the five bursts of reconstructed events and lightning in 
the NLDN database. We categorize correlations into two types, 
“synchronized” and “related”.

The criteria by which lightning is characterized as synchronized 
is that the time difference between burst and lightning is less than 
1 ms. Four bursts of the five are synchronized with lightning. Al-
though there is no selection by position, all synchronized lightning 
is located in the vicinity of burst air shower events. All synchro-
nized lightning events have flags that indicate intracloud lightning 
and negative peak current. By taking into account the intracloud 
lightning detection efficiency, the air shower bursts and lightning 
are well synchronized.

The search criteria for related lightning is that the time differ-
ence between burst and lightning is less than 200 ms, excepting 
synchronized lightning. Three bursts in the above four have re-
lated lightning in addition to synchronized lightning. Again, there 
is no selection by position but all related lightning is located in 
the vicinity of burst air shower events. All related lightning has 
a flag that indicates cloud to ground lightning, and negative peak 
current. These related lightning are subsequent lightning of syn-
chronized lightning.

Our check of correlation between shower bursts and lightning 
shows that the observed shower bursts are clearly synchronized 
with negative intracloud lightning. The peak current of the syn-
chronized lightning is very large for the currents observed for neg-
ative intracloud lightning (see the bottom of Fig. 7 and Table 1). 
Therefore, these bursts are very rare phenomena.
Fig. 7. NLDN data distributions. Top: Lightning map on the TA site. Blue points show 
individual strokes. The red line shows the outline of the TASD. Bottom: Peak current 
distributions for intracloud lightning in blue and cloud to ground lightning in red. 
(For interpretation of the references to color in this figure legend, the reader is 
referred to the web version of this article.)

The other five bursts which do not have reconstructed events 
There is one burst which has synchronized and related lightning. 
There is another burst which has only related lightning. There are 
three bursts which do not have synchronized or related lightning. 
In addition, it was confirmed all of ten bursts are under thunder-
storm.

A geometrical example of a reconstructed burst event with cor-
related lightning is shown in Fig. 8. The individual reconstructed 
events of this burst are shown in Fig. 3, 4 and the top two pan-
els of Fig. 6. The lightning position is shown by a blue circle with 
radius which is approximately the typical position error [18]. The 
two reconstructed showers appear to come from nearby vertices at 
altitudes lower than the expected first interaction depth of cosmic 
ray air showers of comparable size.

We also considered correlations between lightning and all SD 
events, regardless of whether the SD events are part of a burst. 
The time difference between all SD events and lightning is shown 
in Fig. 9. The positive side of Fig. 9 indicates that the SD events 
occur nearly at the same time of lightning or earlier than lightning. 
Therefore, SD events correlated with lightning are associated with 
the initial processes of the lightning flash.

The breakdown of the correlation of all events is provided here. 
There are some chance correlations which can be easily identified 
by spatial localization. There are some two-event bursts, although 
the definition of burst in this paper is three or more events in 
1 ms. There are many single correlated events. For the correlated 
lightning, their properties are similar to those which are correlated 
to the bursts described above. Synchronized lightning appears to 
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Fig. 8. The color scale shows the height from ground up to 3,000 m. The red points 
show shower core hit positions. The blue circle shows lightning position with 300 m 
radius of uncertainty. Synchronized (intracloud) lightning is set at z = 3, 000 m. (For 
interpretation of the references to color in this figure legend, the reader is referred 
to the web version of this article.)

Fig. 9. Time difference between lighting and all TASD events (including non-burst 
events). The bin width is 2 ms. Synchronized lightning occurs in the central bin. 
The remainder of bins are included in the category of related lightning.

have the flag indicating intracloud lightning, and negative peak 
current. Related lightning tends to have the flag indicating cloud 
to ground lightning, and negative peak current.

4. Comparison with precedents

The TASD burst events have similar features to prior observa-
tions.

Dwyer, et al. [9] reported high energy radiation on the ground 
from each step of the stepped leader process. The time intervals of 
the stepped leader are in the 10 microsecond to 100 microsecond 
range. TASD burst events have time intervals of similar duration.

Several satellites observed high energy radiation bursts corre-
lated with lightning. Cummer, et al. [19] reported high energy 
radiation detected by satellite, which is correlated with positive 
lightning. In contrast, TASD burst events on the ground are corre-
lated with negative lightning. In both situations, the electric field 
direction works to accelerate electrons towards the detector.

Briggs, et al. [2] reported high energy radiation at satellite, 
which shows roughly two types of burst waveforms. One is Gaus-
sian like and the other is log-normal like. TASD burst events also 
have roughly two type of waveforms. Fig. 10 is Gaussian like, and 
Fig. 11 is log-normal like. Although the signal shapes of TASD burst 
events and terrestrial gamma-ray flashes detected by satellite are 
similar, the signal timescale of SD events is about 2 orders of mag-
nitude shorter. This can be due to the difference of the size of 
Fig. 10. Gaussian like waveforms from SDs in the vicinity of the shower core. Red 
and blue correspond to two PMT channels for two layers of scintillator. Each hor-
izontal level corresponds to the pedestal of individual SD. Vertical value has been 
shifted to avoid superposition of waveforms from different SDs. (For interpretation 
of the references to color in this figure legend, the reader is referred to the web 
version of this article.)

accelerating region or the distance between the radiating point and 
the detector.

5. Conclusion and discussion

We have detected bursts of high energy events using the TASD. 
By comparing the times and positions of these events with light-
ning data in the NLDN database, we infer that these events seem 
to come from negative high current intracloud lightning. There is 
no evidence that burst events come from cloud to ground light-
ning.

What generates these individual events in a burst? We do not 
have a clear answer. The event rates in bursts are inconsistent with 
the flux of cosmic rays with energies estimated by deposited en-
ergies in SDs. By the time interval of events in a burst, it seems 
that they come from the stepped leader process. We summarize 
the features of the TASD bursts:

1. This burst phenomenon does not come from thunderstorm in-
termittently. It comes from negative high current intracloud 
lightning.

2. The reconstructed shower directions, within reconstruction ac-
curacy, indicate that they come from a small region at low 
altitudes in the sky.
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Fig. 11. Log-normal like waveforms from SDs in the vicinity of the shower core. Red 
and blue correspond to two PMT channels for two layers of scintillator. Each hor-
izontal level corresponds to the pedestal of individual SD. Vertical value has been 
shifted to avoid superposition of waveforms from different SDs. (For interpretation 
of the references to color in this figure legend, the reader is referred to the web 
version of this article.)

3. These showers seem to start development at low altitudes in 
the sky, as determined by shower front curvature.

4. The time gap of detected radiation on the waveform is con-
sistent with stepped leader process. (Several tens of microsec-
onds.) These showers are generated at the initial processes of 
the lightning flash.

5. There is a less-sharp rising edge feature on the waveform at 
the detectors near shower cores for many burst events, as 
compared to cosmic ray air showers.

To prior observations of energetic radiation associated with 
lightning, we add somewhat unique information. The TASD is a 
significantly larger detector which uses fast scintillator waveforms, 
allowing the reconstruction of spatial information for high energy 
radiation associated with negative high-current intracloud light-
ning.
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