PROCEEDINGS

OF SCIENCE

Flux variations of cosmic ray air showers detected by
LHAASO-KM2A during thunderstorms

Xunxiu Zhou,* Ci Yang, Xuejian Chen and Daihui Huang (on behalf of the
LHAASO Collaboration)
School of Physical Science and Technology, Southwest Jiaotong University, Chengdu 610031, China

E-mail: zhouxx@swjtu.edu.cn, yangci@my.swjtu.edu.cn

Abstract: The Large High Altitude Air Shower Observatory (LHAASO) has three sub-arrays,
KM2A, WCDA and WFCTA, located at 4410 m above sea level in Sichuan Province, China. The
high-altitude location and the frequent occurrence of thunderstorms make LHAASO suitable to
study the effects of atmospheric electric fields (AEFs) on cosmic ray air showers. By analyzing
the data of KM2A, the flux variations of cosmic ray air showers during thunderstorms are studied.
The total number of shower events that meet the KM2A trigger conditions increases significantly
during thunderstorms, with the maximum value exceeding 20%. The variations of trigger rates are
found to be strongly dependent on the primary zenith angle. To understand the shower rate changes,
the flux variations of ground-level secondary particles are analyzed. We find the average number
of particles per shower event increases significantly in strong AEFs. Due to the acceleration by
AEFs, the number of secondary particles with energy above the detector threshold increases, and
then more shower events satisfy the trigger conditions, resulting in the shower rate increases. At
the same time, the secondary particles carrying positive and negative charges will be deflected in
opposite direction in AEFs, and this effect increases with the zenith angle. As a result, the flux
variations of shower events detected by KM2A are correlated with the primary direction.
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Flux variations of cosmic ray air showers during thunderstorms Xunxiu Zhou

1. Introduction

Thunderstorms, accompanied by intense lightning flashes and heavy rain [1], are common
convective weather. During thunderstorms, the AEFs will change dramatically in contrast to fair
weather [2]. The strength could be up to 1000 V/cm or even higher [3, 4], and the polarity can change
multiple times [5]. Due to acceleration or deceleration by the strong electric fields in thunderclouds,
the number and energies of secondary particles in extensive air showers (EAS) could be modified
[6, 7, 8]. Because the charged particles are deflected, the space-time distribution at the ground-level
will also be changed [9]. As a result, for ground-based experiments, the flux of shower events that
meet the trigger conditions will change [10, 11, 12].

During a thunderstorm, due to the influence of lightning flashes and rain[13], the noise trigger
recorded by the detector will increase. Considering the complex correlations between cosmic
ray variations and thunderstorms, further data analyses and more simulation studies are needed.
LHAASO is located at high altitude with frequent thunderstorms [14]. This unique geographical
location is advantageous for observing the AEF effects on cosmic ray air showers. In this work, we
study the flux variations of shower events and ground-level particles detected by LHAASO-KM2A
during thunderstorms.

2. The LHAASO-KM2A Experiment

LHAASO, a new generation multi-purpose experiment[15], is sitting at 4410 m a.s.l. on the
Haizi mountain, Sichuan province, China. As the main part of LHAASO, KM2A consists of 5216
electromagnetic particle detectors (EDs) and 1188 muon detectors (MDs), which are constructed
and merged into the data acquisition system (DAQ) in stages. On 1 December 2020, the 3/4 KM2A
array (including 3978 EDs and 917 MDs) started running. And the whole array began operating
stably on 20 July 2021.

To study the cosmic ray variations during thunderstorms, a ground-based electric field monitor
(EFM-1) was installed on the roof of the WCDA-2 building in September 2019. It is designed
to measure the AEF with a saturation value of £270 V/cm [16]. Another electric field monitor
(EFM-2) was mounted flush with the surface of the ground in October 2021, and the dynamic range
of AEF measurement has been extended to £1000 V/cm. In this work, we define a positive AEF as
the direction pointing towards the ground.

3. Observation Results

To know more about the correlation between the near-earth electric fields and cosmic ray
variations detected by LHAASO-KM?2A, three typical thunderstorm events that occurred on 10
June 2021 (Thunderstorm 20210610), 7 June 2022 (Thunderstorm 20220607), and 12 June 2022
(Thunderstorm 20220612) are analyzed in this work.

3.1 Shower rate variations during thunderstorms

In the shower mode, the KM2A detector is triggered when at least 20 EDs fired within a time
window of 400 ns. The information on the arrival time and location of the signals from all the
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EDs and MDs is recorded. The shower’s arrival direction and core position are reconstructed by
analyzing the ED signals[17]. And shower data are used for gamma ray astronomy and cosmic ray
studies. During thunderstorms, due to the acceleration/deceleration and deflection by AEFs, the
secondary particles in EAS are strongly affected. As a result, the number of shower events that
meet the KM2A trigger conditions will also change. The observation results are shown as follows.

3.1.1 The electric field dependence of the shower rate variation

As a complex and notable episode, Thunderstorm 20210610 lasted for more than two hours,
from 10:15:36 to 12:42:48 (UT) on 10 June 2021, with a long time of field strength in saturation
and the polarity of the electric field changing frequently. The AEF variations are presented in Fig.
1. There were many lightning strikes estimated by EFM-1. For ground-based experiments, due to
the heavy atmospheric attenuation[18], the cosmic ray variations are small when the thundercloud
is far from the detector. Thus, we only consider the effects of near-earth AEF and nearby lightning
strikes on the cosmic rays measured by KM2A in this paper. The 24 lightning strikes within 10 km
are also shown in Fig. 1.
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Fig. 1. Variations in the near-earth AEF and distance to the lightning strike (<10 km) recorded by EFM-1 during
Thunderstorm 20210610. Time zero of the x-axis is 10:10:00 UT

To study the electric field effects on cosmic rays, the operational status of detectors was
carefully checked. Due to the strong lightning strikes, some detectors were powered off. We found
that approximately 8% of the detectors were not working properly after 10:57:06.

Fig. 2 shows the distributions of the AEF, lightning distance, and shower rate detected by
KM2A. We can see that the AEF intensity exceeded the measuring range of the EFM-1 several
times and there were 11 nearby lightning strikes (with distances less than 1.6 km) from 720 to 2826
s. With respect to the shower rate measured in a period of 2000 s before the thunderstorm (defined
as fair weather), the percent variations of shower rate are calculated. From Fig. 2 (b), it can be
seen that the shower rate significantly increases in thunderstorm fields, with the maximum value
exceeding 20%. More details can be found in our previous paper [11].
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Fig. 2. Variations in AEF, distance to lightning strike(a), and shower rate (b) per second during
Thunderstorm 20210610.

Thunderstorm 20220607, another typical one, lasted for about 2 hours. The distributions of
the AEF recorded by EFM-2 are shown in Fig. 3 (a). The maximum value of the field is larger than
360 V/cm. As shown in Fig. 3, the time zero of the x-axis is set at 17:50:00 UT on 7 June 2022.
The shower rate increases significantly, and the maximum value is up to 8% when the negative AEF
reached -360 V/cm at 3570 s. In a positive field, the shower rate increases with smaller amplitude.
For Thunderstorm 20220612, as shown in Fig. 4, the maximum strength of the electric field is up
to 870 V/cm, there were multiple lightning strikes estimated by EFM-2 within 10 km. And time
zero of the x-axis is set at 10:40:00 UT on 12 June 2022. It can be seen that the shower rate also
increases in a negative electric field, with the maximum enhancement by up to 15%.
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Fig. 3. Variations in AEF, distance to lightning

strike(a) and shower rate (b) per second during
Thunderstorm 20220607.

Fig. 4. Variations in AEF(a) and shower rate (b) per
second during Thunderstorm 20220612.

From above, we can see the flux of shower events triggered by LHAASO-KM2A increases
significantly during thunderstorms, and the amplitude is related to the strength and polarity of the
AEF.

3.1.2 The zenith angle dependence of the shower rate variation

From references[18, 19], we can see that the AEFs have different effects on cosmic rays
with different zenith angles (6). By analyzing the reconstructed events in KM2A with the zenith
angles less than 60°, the variations of shower rate during Thunderstorm 20210610 are shown in

Percent Variation(%)  Lightning Distance (km)
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Fig. 5. It can be seen that the trigger rate shows structural increases in the lower zenith angle

ranges (0°<6<30°), with the maximum exceeding 29%. Whereas, for higher zenith angle ranges

(30°<6<60°), we can clearly see the opposite variations, with it decreases up to -18%.
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Fig. 5. The shower rate variations per second in zenith angle ranges of 0-30°(a) and 30-60° (b) during
Thunderstorm 20210610

Similarly, during Thunderstorm 20220607 and Thunderstorm 20220612, the shower event
variations in different zenith angle ranges are also analyzed (as shown in Fig. 6 and Fig. 7,

respectively). For zenith angle ranges 0-30°, the shower rates increase, and the amplitude reaches
12% during Thunderstorm 20220607 and 20% during Thunderstorm 20220612. However, for larger
zenith angle ranges 30-60°, the decreasing phenomena are observed for the two thunderstorms, and
the amplitudes are up to -6% and -15%, respectively.
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Fig. 6. The shower rate variations per second in zenith

angle ranges of 0-30° (a) and 30-60° (b) during
Thunderstorm 20220607.
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Fig. 7. The shower rate variations per second in zenith
angle ranges of 0-30° (a) and 30-60° (b) during
Thunderstorm 20220612.

3.2 The variations of secondary particles during thunderstorms

During thunderstorms, the flux of secondary particles with energy above the detector threshold

is modified. At the same time, due to the sharply changing AEF, the detector noise will also

increase. To understand the AEF effects on secondary cosmic rays, detailed studies on the variations

of ground-level particles are necessary.
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3.2.1 Intensity variations of secondary particles during thunderstorms

For each shower event, the trigger time is set at 0, and the DAQ records all hits within 5000 ns
before or after the trigger time. According to the trigger logic, the data are divided into two parts.
Most hits (Nog) between -5000 and -1000 ns are noise, while the hits (Ny,) from -1000 to 5000 ns
are mainly signals.

From Ny, and Ng, the secondary particles (Ns) from EAS can be calculated by the formula:

Ns = Non -15- Noff, (1)

where 1.5 = 6000/4000 is the ratio between the widths of time windows. After considering the
noise, the Ny during Thunderstorm 20210610 still shows a structural increase in strong negative
fields, with a maximum value up to 20%, as shown in Fig. 8.
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Fig. 8. Variations in AEFs (a) and N; (b) per second during Thunderstorm 20210610.

3.2.2 Deflections of secondary particles during thunderstorms

Due to the transverse momentum of the secondary particles emerging from the collisions and
scattering processes, the cascade spreads out laterally as well. The lateral spread of the particles is
very large and can cover an area of up to several square kilometers [20]. The particle density drops
rapidly with the increasing distance from shower core ( r ). For ground-based experiments, the
lateral distribution is important for reconstructing the shower’s core location and arrival direction.
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Fig. 9. Variations of secondary particles per second for » <20 m (a) and r >20 m (b) during Thunderstorm 20210610.
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Fig. 9 shows the particle number (in one shower event) as a function of time in different core
distance ranges during Thunderstorm 20210610. The flux decreases due to AEFs in the region of r
<20 m, and the maximum decreasing value exceeds -25%. For r >20 m, the flux increases and the
maximum amplitude exceeds 24%.

The variations of the counting number as a function of the core distance are shown in Fig.
10. The particle number in fair weather is the mean value in 2000 s before the thunderstorm. For
thunderstorm duration, the counting number is the average value in saturated negative fields. Near
the shower core region, we can see the obvious decreasing phenomenon in fields. As the distance
from the core increases beyond 60 m, however, the opposite situation occurs, the counting rate
increases and the variation amplitude reaches the maximum of 11% at ~ 200 m.
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Fig. 10. The particle number distributions (a) and percent variations in saturated negative fields (b) as a function of core
distance (10 m/bin).

Due to the deflection by the AEF, the lateral spread of the secondary particles is broadened
during thunderstorms. In general, the AEF in thunderclouds is a vertical one, which has a more
significant deflection effect on the inclined showers. As a result, the shower rate variations are
related to the zenith angle.

4. Summary

In this work, the cosmic ray variations detected by LHAASO-KM2A during thunderstorms
are studied. Significant increase of the shower rates is observed by analyzing three different
thunderstorms, with maximum amplitudes of 20%, 8% and 15%. The variations are also dependent
on the zenith angle. For smaller zenith angle ranges, the shower rate increases significantly, but
decreasing situation occurs at larger zenith angle ranges. Meanwhile the flux increases of ground-
level particles are observed, with the maximum enhancement of 20% (after considering the influence
of noise).

Due to the acceleration/deceleration and deflection effects of the AEF on the charged particles
from an EAS, our data can be understood. During thunderstorms, the number and positions of
particle hits on the detector change, leading to the trigger rate changes. Considering a vertical AEF
in thunderclouds, the deflection effects on the charged particles from inclined showers are larger.
For a given detector, the shower rate variations are related to the zenith angle.
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