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This work presents the first observation by the Telescope Array Surface Detector (TASD) of
the effect of thunderstorms on the development of the cosmic ray showers. Observations of
variations in the cosmic ray showers, using the TASD, allows us to study the electric field inside
thunderstorms on a large scale without dealing with all the limitation of narrow exposure in time
and space using balloons and aircraft detectors. In this work, observations of variations in the
cosmic ray shower intensity (Δ𝑁/𝑁) using the TASD, was studied and found to be on average at
the (1 − 2)% level. These observations where found to be both negative and positive in polarity.
They were found to be correlated with lightning but also with thunderstorms. The size of the
footprint of these variations on the ground ranged from (4-24) km in diameter and lasted for 10s
of minutes. Dependence of (Δ𝑁/𝑁) on the electric field inside thunderstorms, in this work, is
derived from CORSIKA simulations.
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1. Introduction

Understanding lighting initiation is one of the most important questions in atmospheric physics.
The heart of the problem of understanding lightning initiation is that, with decades of electric fields
measurements, the observed values of detected electric field are not sufficient to create a leader or a
stroke propagating on a kilometer(s) scale [16, 18]. This could mean that either our understanding
of how lightning is initiated, or that electric field measurements in thunderstorms, are inaccurate.

When cosmic ray particles interact in the atmosphere, they produce a shower of secondary
particles. During thunderstorms, these showers of secondary particles would accelerate or decelerate
depending on their charge and magnitude of the electric field they are propagating through. In
principle, studying the effect of the electric field on these secondary particles would allows us
to measure and model the electric field in their path indirectly and on a larger scale than direct
measurements.
The effect of thunderstorms on the extensive air showers is a hot topic that has been reported
on by multiple experiments starting with the Baskan group in 1985 [4]. They argued the effect
of the observed cosmic ray variations in the hard and soft component of the shower is due to the
electric field in the atmosphere. They also demonstrated a quadratic effect in the muon variation
which is independent of the electric field sign. Several studies and observations have followed
EAS-TOP [8],Tibet AS [17], ARGO-YBJ [5], SEVAN [13], and Mount Norikura [15], reporting
on the cosmic ray secondary showers (electrons, gamma rays, muons, and neutrons) variation in
correlation with thunderstorms. Most recently, an indirect measurement of the electric field and
the potential difference inside the storm have already allowed the measurement of a greater than
one GV potential difference inside the cloud ( predicted by C.T.R. Wilson 90 years ago [7]) by the
Grapes Muon Telescope-III scientists [11]. Note that, such potential difference is almost an order
of magnitude larger than the previously reported maximum potential in balloon sounding (0.13
GV) [14].
In this work, we will present the effect of the electric field in thunderstorms on the extensive
air showers as observed by the Telescope Array Surface Detector (TASD). We will report on the
observations in the variation of the cosmic ray extensive shower rate during thunderstorms as the
thunderstorm progresses on top of the 700 km2 detector. To interpret this variation, the effect of
the electric field in thunderstorms is simulated for multiple simple models. The corresponding
increase/decrease of the rate variation in correlation with the modeled electric field is discussed.
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Traditionally, balloons and planes are used to make such measurements. However, there are
limitations to obtaining such observations. At first, sending planes, balloons, and launching rockets
inside thunderstorms can be quite difficult and dangerous. Moreover, thunderstorms scales can
span up to kilometers square in size, while the electric field measured by airplanes and balloons
spans a small region in comparison. In addition, to be in the right location at the right time where
the electric field and the potential difference is of a high value can be of low probability. Most
importantly, the instrument sent inside a thunderstorm might be responsible for discharging the
thunderstorm itself before the electric field has the chance to build up.
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2. The Telescope Array Detector
The Telescope Array (TA) detector is located in the southwestern desert of the State of Utah
about 1400 m above sea level. Currently it is the largest Ultra High Energy Cosmic Ray (UHECR)
experiment in the Northern Hemisphere. The TA detector is comprised of Surface Detectors (SDs)
surrounded by three Fluorescence Detectors (FDs). The main goal of the TA detector is to explore
the origin of UHECRs using their energy, composition, and arrival direction.
The Surface Detector utilizes plastic scintillators to observe the EAS footprint produced by
primary cosmic ray interactions in the atmosphere. The Surface Detector array (SD) part of the TA
experiment, is composed of 507 scintillator detectors on a 1.2 km square grid covering 700 km2
in area shown in Figure 1. The scintillator layers and stainless-steal plate are housed in a 1.5 mm
thick box made of stainless steel (top cover is 1.5 mm thick, with a 1.2 mm thick bottom). Each
detector unit also has a 1 m2 solar panel, a stainless steel box placed under the solar panel housing
the battery and the front-end electronics, and a 2.4 GHz wireless LAN modem communication
antenna transmitting data to communication towers surrounding the detector. The SD detector is
divided into three subparts (The Long Ridge (LR), Black Rock (BR), and Smelter Knolls (SK)
subarrays) each denoted by a triangle in Figure 1 and is controlled and send information to its own
communication tower. The SD has nearly a 100% duty cycle [2].
Each surface detector houses two 1.5 m × 1 m scintillator layers that are 1.2 cm thick. Each
plastic scintillator slab has grooves that has 104 WaveLength-Shifting (WLS) fibers running through
them collecting light into PMTs they are bundled and connected to. Plastic scintillators are sensitive
to all charged particles. These scintillator layers are separated by a 1 mm stainless-steal plate.
There are a total of three trigger data levels. Level-0, Level-1, and Level-2. Charged particles
triggering the detector with an energy above approximately 0.3 Minimum Ionizing Particle (MIP)
are stored in a memory buffer on CPU board as Level-0 trigger data (trigger rate is approximately
750 Hz). Charged particles triggering the detector with an energy above approximately 3 MIPs are
3
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Figure 1: Left: The Telescope Array, consisting of 507 scintillator Surface Detectors (SDs) on a 1.2 km
grid over a 700 km2 area (black squares), and three Fluorescence Detectors MDFD, LRFD, BRFD (stars).
Right: A single SD in field. The figure shows the SD’s multiple components including a solar panel, a
stainless steel box placed under the solar panel housing the battery and the front-end electronics, and a 2.4
GHz wireless LAN modem communication antenna transmitting data to communication towers surrounding
the detector [2].
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stored as a level-1 trigger event (trigger rate is approximately 30 Hz).When three adjacent detectors
trigger with an energy above 3 MIPs within 8 𝜇 seconds the data is saved as Level-2 trigger (trigger
rate is approximately 0.01 Hz). Level-2 trigger is used to study cosmic rays at energies above 1019
eV. Level-0 main goal is to monitor the health of the detector and is used in this work to study
cosmic rays between ∼ 2 × 1010 − 1013 eV.

3. Observations

4. CORSIKA Simulations
The simplest electric field structures that can reproduce the main features in the observed
secondary shower variations (Δ𝑁/𝑁) observed by the TASD are.
1. Model I: A uniform electric field layer inside a cloud with a thickness of 2 km and a distance
of 2 km between the bottom layer of the cloud and the ground level.
2. Model II: A cloud-ground uniform electric field layer. The height of the layer is 2 km from
the ground level (∼1400 m).
While thunderstorms structures is known to be complex, the models used in this work are
reasonably representative of thunderstorms at the southwestern desert of Utah. The electric field
models choice of distance from the ground and layer height, is consistent with thunderstorm
previously observed at the TASD [1].
Here the CORSIKA package 7.6900 is used to simulate cosmic rays [12]. The secondary
particles propagate through the atmosphere and the electric field model implemented. With CORSIKA 7.6900 used in this work both the electromagnetic and the muonic components of the shower
are traced through the implemented electric field model until they reach the detector observational
4
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The Telescope Array detector has been in operation since 2008. For data collected between
2008-2019, the TASD observed secondary shower rate was scanned for variations in the cosmic
ray secondary showers (Δ𝑁/𝑁) in correlation with thunderstorms. Due to the complex nature
and structure of thunderstorms we have chosen to focus on energetic thunderstorms. As a start
we are investigating thunderstorms including a high recorded peak currents (>90 kA) by the
National Lightning Detection Network (NLDN). Several thunderstorms where observed to produce
a variation in the secondary cosmic ray showers (Δ𝑁/𝑁).
For example, on September 27 2014, a variation in the intensity of the secondary air showers
was observed by the TASD. See Figure 2. In Figure 2. One can see a clear movement of a deficit
and an excess in the intensity variation in correlation with a thunderstorm in 10 minutes interval.
The direction of the deficit and excess matched lightning events reported by the NLDN but also the
direction of movement of the thunderstorm in radar images going from south-west to the north-east.
The variations were not correlated with temperature changes at the ground level. It lasted for tens
of minutes across the detector. In some cases it was correlated with lightning but in other frames in
was correlated with the thunderstorm itself. The size of the variation varies from 6-24 km on the
ground. The variations were observed in excess and deficit modes between ±(1-2)%.
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level. Primary cosmic ray particles were generated between 20 GeV -10 TeV using SIBYLL [3]
for the high energy interaction ( > 80 GeV) and GHEISHA [10], URQMD [6], and FLUKA [9]
for the low energy model ( < 80 GeV). The zenith and azimuth range from 0◦ ≤ 𝜃 ≤ 60◦ and
0◦ ≤ 𝜙 ≤ 360◦ . The energy threshold of secondary particles were set to 0.05 GeV for hadrons,
0.5 GeV for muons, 0.001 GeV for electrons and 0.001 GeV for gammas. Figure 3 shows the
distribution of the multiple shower components on the ground at 1400 m propagated through the
atmosphere with no electric field. The simulation was curried out for five simulation sets of electric
field ranging from -2000 V/cm to 2000 V/cm for each low energy model including a data set with no
electric field for background. These events are then propagated through the SD detector following
the same trigger condition as the level-0 trigger.
The dependence of the rate variation on the potential difference using URQMD as an example
for both thunderstorm model is shown in Figure 4. The direction of the electric field follows
CORSIKA’s definition, where positive electric field direction is pointing upwards.

5. Results and conclusion
Observations by the TASD show that we do observe a deficit and excess in the relative intensity
in the secondary cosmic ray shower particles (Δ𝑁/𝑁) that is mostly between ±1-2%. The simulation
results in Figure 4 using SYBILL and URQMD show that the interpretation of (Δ𝑁/𝑁) is dependent
on the model used, the potential difference in the model, and the polarity of that model.
5
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Figure 2: Time evolution of the intensity variation of the secondary shower rate change on the 140927
thunderstorm. Each time frame is 10 minutes.
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Figure 4: Left: Δ𝑁/𝑁 vs.Δ𝑉 for the a uniform electric field layer inside a cloud (Model I). Right: Δ𝑁/𝑁
vs.Δ𝑉 for the a uniform electric field layer between the cloud and ground (Model II).

The simulation results shown in Figure 4 using five simulation data sets for each model with
a potential difference (Δ𝑉) that varies between -0.4-0.4 GV. When simulating a one layer model
of uniform electric field layer inside a cloud referred to as (Model I), the overall profile shows a
preliminary deficit in (Δ𝑁/𝑁) for potential difference of |Δ𝑉 | around ±0.2 GV followed by an
excess as the magnitude of the potential difference increases. On the other hand, the simulation
results using a simple uniform electric field between cloud and ground (referred to as Model II)
show an overall excess in (Δ𝑁/𝑁). While Model II can explain the excess observed in (Δ𝑁/𝑁),
6

PoS(ICRC2021)297

Figure 3: The distributions of particles at 1400 m. The energy threshold of secondary particles were set to
0.05 GeV for hadrons, 0.5 GeV for muons, 0.001 GeV for electrons and 0.001 GeV for gammas. Detector
response is not included in this distribution.
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the Telescope Array will allow us to better understand and model these thunderstorms. Currently,
an Electric Field Mill (EFM) remote station have been installed approximately in the middle of the
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