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Cosmic ray shower rate variations detected by the ARGO-YBJ experiment
during thunderstorms
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The ARGO-YBJ detector, located at the Yangbajing Cosmic Ray Laboratory (4300 m a. s. L., Tibet,
China), was a “full coverage” air shower array. The high altitude location and the frequent occurrence of
thunderstorms, made ARGO-YBJ suitable to study the effects of atmospheric electric fields (AEF) on
secondary cosmic rays. By analyzing the data of the ARGO-YBJ detector recorded during thunderstorms,
significant variations of the rate of detected showers have been observed. During 20 thunderstorm episodes
in 2012, the variations of the shower rates (both increases and decreases of amplitudes up to a few percent)
are found to be correlated to the intensity and polarity of the AEF, and strongly dependent on the primary
zenith angle. To understand the observed behavior, Monte Carlo simulations have been performed with
CORSIKA and G4argo (a code based on GEANT4). We found that the data are well consistent with simulations,
assuming the presence of a uniform electric field in a layer of thickness of 500 m in the atmosphere above
the observation level. Due to the AEF accelerates/decelerates and deflects the secondary charged particles
(mainly electrons and positrons) according to their charge, modifying the number and position of particles
with energy exceeding the detector threshold. For the differences in electron and positron flux, spectrum,
and lateral distribution, the AEF has an asymmetric effect on the shower particles, producing significant
variations of the particle pattern on the ground, and, consequently, on the rate of detected showers,
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consistent with observations.

DOI: 10.1103/PhysRevD.106.022008

I. INTRODUCTION

Thunderstorms are common convective weather events,
accompanied by intense lightning discharges, strong winds
and rainstorms [1]. During thunderstorms, the strength of
the electric field could be up to 1000 V/cm or even higher
[2,3], and the polarity can change multiple times [4]. In
such strong fields, the secondary charged particles of
extensive air showers (EAS) could be accelerated or
decelerated, causing the variations of the flux of secondary
cosmic rays measured at the ground level.

In 1924, Wilson [5] introduced the concept of “runaway
electrons,” later developed by Gurevich et al. [6], and based
on the idea that secondary electrons of EAS accelerated by
the strong AEF gain energy exceeding that lost in ioniza-
tion and bremsstrahlung. Due to the ionization of the air
molecules, these electrons produce new electrons. Newborn
free electrons are also accelerated by the field, giving rise to
an avalanche process, i.e., a runaway breakdown (RB), now
referred to as relativistic runaway electron avalanche
(RREA) [7,8]. The RREA mechanism is thought to be
responsible for thunderstorm ground enhancements (TGEs)
that exceed by several times the background levels over
timescales of seconds to tens of minutes [9—11]. Moreover,
the source of terrestrial gamma-ray flashes (TGFs) [12—-15],
submillisecond gamma-ray emissions originated from
bremsstrahlung by runaway electrons, is also identified
to be the RREA process.

Dwyer [16] and Symbalisty et al. [17] investigated the
field strength threshold to trigger the RREA process. The
threshold E,, is found to be a function of the altitude,
and can be expressed by Ey, = Eqe(~%/84), where Z is the
height above sea level (in km), and the threshold at sea level
E, is about 2800 V/cm. At Z = 4.3 km (the height of
ARGO-YBJ observatory), Ey, ~ 1680 V/cm. This means

that, to ensure the development of the RREA process, the
strength of the electric field should be very large.

During thunderstorms, when the AEF is lower than the
field strength threshold, several ground-based experiments
reported frequent but modest (less than 10%) TGE events
[18-20], and some of them observed a decrease of the soft
component (electrons) flux [21]. These results show that
the RREA mechanism alone cannot explain the variations
of the ground cosmic ray flux during thunderstorms.

Significant increases of the rate of air showers during
thunderstorms, lasting 10-20 min, have been observed by
the EAS-TOP array, with amplitudes increasing with the
shower size [22].

The dependence of ground cosmic ray flux variations on
the polarity of AEF was discussed by [20,21,23-26].
Bartoli et al. [26] analyzed the scaler mode data of
ARGO-YBJ and performed Monte Carlo simulations to
investigate the development of electrons and positrons
from EAS following the hypothesis introduced by Zhou
et al. [27]. They concluded that the ground cosmic ray flux
increases in negative fields and decreases in a certain range
of positive fields. According to simulations, this behavior is
due to the asymmetry in number and energy of electrons
and positrons in EAS.

Chilingarian et al. [28-30] analyzed the energy spectra
of gamma rays in the presence of AEF. They found an
energy dependent additional flux of gamma rays. In
thunderstorm fields, the spectra of gamma rays in the
energy range 5—-10 MeV can be expressed by an exponen-
tial function, then turns to a power law and extends up to
100 MeV. Yan et al. [31] investigated the field effects on
the energy of ground cosmic rays, and found a significant
enhancement of electrons and positrons in the energy
region lower than 10 MeV and a small enhancement above
100 MeV.
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During thunderstorms, the flux and energy of secondary
particles of EAS could be significantly influenced. The
time and positions of particles at the observation level will
be affected as well. Axikegu et al. [32] studied the field
effects on the lateral density of secondary positrons and
electrons at the site of the ARGO-YBJ detector, and found
that the lateral distribution becomes wider in the presence
of electric fields.

In general, air shower arrays use trigger conditions based
on the energy, arrival time, and position of the shower
particles [33]. If these particle properties are affected by the
electric fields, the detection and the reconstruction of
showers will be affected as well. This will result in a
variation of the shower rate and an altered reconstruction of
shower parameters, as, for example, the arrival direction.

Compared with other ground-based experiments,
ARGO-YBIJ has two advantages to study the thunderstorm
field effects on cosmic rays. On one hand, the detector was
located at high-altitude, where thunderstorms are frequent
and near to the shower maximum. On the other hand, the
central full-coverage carpet makes the detector particularly
suitable to observe the variations of particles properties in
presence of electric fields.

The ARGO-YBIJ detector was connected to two data
acquisition systems (the scaler and shower operation
modes), which worked independently. In scaler mode,
the counting rate of each cluster was measured every
0.5 s [34]. In shower mode, the detector was triggered
when at least 20 pads in the central carpet were fired within
a time of 420 ns. Scaler data have been used to study the
intensity variation of ground cosmic rays during thunder-
storms, and the results have been reported by Bartoli et al.
[26]. In this work we analyzed the correlation between the
shower rates and the electric field, in particular studying the
dependence of the rate variations on the zenith angle.

Comparing the data to the results of Monte Carlo
simulations, we found a consistent explanation of the
observed behavior.

II. THE ARGO-YBJ DETECTOR

The ARGO-YBJ detector, located at the Yangbajing
Cosmic Ray Observatory (30°.11 N, 90°.53 E) in Tibet,
China, at an altitude of 4300 m above sea level (corre-
sponding to the atmospheric depth of 606 g/cm?), was a
“full coverage” (with a central carpet active area of ~93%)
air shower array, which ran in its full configuration from
November 2007 to February 2013. The detector was
composed of a single layer of resistive plate chambers
(RPCs), operated in streamer mode, with a modular
configuration. The basic module was a cluster of size
5.7 x 7.6 m?, composed of 12 RPCs. Each RPC (of area
1.23 x 2.85 m?) was read via 80 strips, logically organized
in 10 pads (55.6 x 61.8 cm? each), providing a larger
particle counting dynamic range [35]. The pads were the

basic elements to define the space-time pattern of the
shower, giving the position and the time of each detected
hit. The detector was composed by a full coverage central
carpet of area 78 x 74 m?, made of 130 clusters, sur-
rounded by a sampling guard ring of 23 clusters, which
increased the effective area of the experiment and improved
the resolution in the shower core position. The total area of
the array was ~110 x 100 m?.

The ARGO-YBJ detector was connected to two inde-
pendent data acquisition systems, corresponding to scaler
and shower operation modes. In scaler mode [34,36], the
counting rates of showers with a number of fired pads per
cluster > 1, 2, 3, and 4 (inside a time window of 150 ns)
were recorded every 0.5 s. Scaler data are used to check the
stability of the detector, to search for transient events like
gamma-ray bursts (GRBs) in the GeV energy range [37,38],
and to study the flux variation of ground cosmic rays during
thunderstorms [26]. In shower mode [33], the detector was
operated by requiring at least 20 fired pads within 420 ns on
the central carpet detector. Within this time window there
is a negligible chance that multiple cosmic rays hit the
experiment causing a false trigger. The information on the
arrival time and location of each particle was recorded to
reconstruct the shower core position, the primary energy,
and arrival direction. Shower data are used for gamma ray
astronomy [39,40] and cosmic ray studies [41,42].

In order to study the field effects on cosmic rays,
two EFMs (Electric Field Mills Boltek EFM-100) were
mounted on the roof of the ARGO-YBJ building [26]. Data
related to AEF (strength and polarity) were recorded every
~20 s. The output of the mills was corrected to take into
account their location (the edge of the roof causes a local
enhancement of the electric field). The detailed method-
ology was introduced in Ref. [43]. After applying the
correction factors, the field values of the two mills were
found to be consistent within 10%, with a saturation value
of 175 V/cm. The mean value of the two measurements
is used in this work.

III. DATA SELECTION AND
OBSERVATION RESULTS

A. Selection of thunderstorm episodes

To get a clearer correlation between the near-earth
electric fields and the rate of shower detected by
ARGO-YBJ, we only considered thunderstorm episodes
with a saturated field 175 V/cm lasting at least for 4 min,
or a field strength exceeding 90 V/cm for at least 8 min.
The criteria are consistent with Ref. [26]. A total of 20
thunderstorm episodes met these criteria during the year
2012. Depending on the polarity of AEF, thunderstorm
episodes can be classified into three types: negative-based
field (signed as “—"), positive-based field (signed as “+7),
and successions of positive and negative field (signed as
“+/-="). Here, we define the positive field as the one that
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TABLE 1. 20 thunderstorm episodes detected at ARGO-YBJ
Observatory in 2012.

Thunderstorm Thunderstorm Duration Maximum field

episodes types time (min)  strength (V/cm)
120412 + 14 158
120427 + 17 >175
120428-1 +/- 44 >175
120428-2 +/- 42 158
120429 +/- 26 >175
120528 — 27 >175
120615 - 45 174
120619 — 31 130
120713 + 30 157
120714 +/- 55 >175
120719 +/- 21 >175
120723 +/- 26 >175
120804 +/—- 23 >175
120808-1 +/—- 26 124
120808-2 +/- 28 160
120819 +/- 34 155
120826 +/- 33 >175
120914 + 18 116
120929 — 30 >175
121010 +/- 45 >175

accelerates the positrons downward in the direction of
the Earth.

The information on the 20 thunderstorm events is listed in
Table I. The thunderstorm name (shown in column 1) is
based on the year, month, and day of its detection. If multiple
thunderstorms are detected on the same day, an additional
suffix “—17, “=27, ... is added based on the sequence of
their detection. The thunderstorm type, duration time, and
the maximum field strength are shown in columns 2—4.

From Table I, it can be seen that 55% of thunderstorms
occurred in summer (June, July, and August), while almost
none in winter (December, January, and February).
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FIG. 1.
during thunderstorm episodes 120427 (a) and 121010 (b).

In addition, thunderstorm events characterized by a
sequence of positive and negative fields are the majority.
In terms of time duration, the thunderstorms lasted in
average about 30 min. The electric field reached the
saturation value in more than half of the episodes.

B. Rate variations of the shower events
during thunderstorms

Figure 1(a) is an example of the AEF value and the
shower rate variations (in percent) as a function of time
(in 1 min bins) during a positive-based thunderstorm. The
AEF disturbance lasted for 17 min, from 04:49 to 05:06
UT on April 27, 2012. During this interval, the absolute
value of the AEF is saturated for 5 min. The event rate
decreases in the positive field with an amplitude depend-
ing on the electric field intensity, with a maximum
decrease of —2.3%.

A thunderstorm episode characterized by a sequence of
positive and negative fields, reported in Fig. 1(b), occurred
between 06:35 and 07:20 UT on October 10, 2012. The
positive field lasted for 20 min, with a maximum strength
of ~130 V/cm. The negative field lasted for 25 min and
saturated the instrument for 1 min. The decrease of the
event rate in the positive field is consistent with the trend
shown in Fig. 1(a). In the negative field, an increase
occurred and the enhanced amplitude became larger with
the electric field intensity, reaching ~1.6% when the field
intensity exceeded the saturation value. More thunderstorm
episodes can be found in Supplemental Material [44].

Figure 2 shows the average event rate variations in the 20
selected thunderstorm events as a function of AEF (note
that in this figure the points corresponding to the field
+185 V/cm include all the |AEF| > 175 V/cm data). The
variations strongly depend on the strength and polarity of
AEF. In negative fields, the event rate increases with the
AEF strength, with a maximum value of about 1.2% at the
saturation value of —175 V/cm. In positive fields the rate
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Percent variation of the shower rate (red solid squares) and ground AEF intensity (blue dots) as a function of time (I min /bin)
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FIG. 2. Percent variation of the shower rate as a function of the
ground AEF (averaged over 20 thunderstorm episodes). The error
bars represent 1 standard deviation.

decreases, with a maximum declining amplitude of
about —2.7%.

These trigger rate variations are due to a change of the
number of hits on the detector carpet (one hit corresponds
to a fired pad), caused by the presence of the electric field in
the atmosphere. Figure 3(a) shows the percent variation of
the hit number (nhit) distribution for two values of the AEF:
—150 and +150 V/cm with respect to the distribution
without AEF (note that in this figure the hit number of
120 includes all the nhit > 120 data). In an AEF of
—150 V/cm, if the number of hits is less than 32, the rate
declines, with a maximum decrease of about —18%,
otherwise the rate increases and the variation can be up
to 3%. In an AEF of +150 V/cm, the rate decreases, with a
maximum of about —20%. Figure 3(b) reports the variation
of the integral distribution of the number of hits, for the
same values of the field in Fig. 3(a). The rate increases in
an AEF of —150 V/cm, with a maximum of about 1.5%.
But the rate decreases in an AEF of +150 V/cm, with a
maximum decrease of about —2%.

Event rate percent variation

-150 V/iem +--=---
os5p @ | +150 V/om —e—

20 40 60 80
nhit

100 120

FIG. 3.
number variation. The error bars represent 1 standard deviation.

C. The zenith angle dependence of the rate variation

According to Zhou et al. [27] and Buitink et al. [45], the
AEF has more effects on EAS charged particles with larger
zenith angles. Here we report our results on the dependence
of the rate variations on the reconstructed zenith angle.
In order to limit statistical fluctuations, we divide the events
in three large intervals of zenith angle: 0°-20°, 20°—40°,
and 40°-60°.

Figure 4(a) shows the rate variations during a positive-
based thunderstorm for different ranges of zenith angle.
The AEF disturbance lasted for 23 min, from 17:18 to
17:41 UT on August 4, 2012. The event rates decrease in a
positive-based field and the variation becomes larger with
the zenith angle, reaching about —6.5% for the zenith angle
interval 40°-60°. In Fig. 4(b), the AEF values and the rate
variations for different zenith angle ranges are plotted
during a negative-based thunderstorm. The AEF disturb-
ance lasted for 27 min, from 19:05 to 19:32 UT on May 28,
2012. The negative field saturated the EFMs for 5 min. The
rates of events with a zenith angle less than 40° increase and
the variation becomes larger as the zenith angle decreases,
reaching ~3.8% for zenith angles in the range 0°-20°.
At zenith angles higher than 40°, however, the event rates
show a decrease that depends on the field intensity, with a
maximum of —2.2%.

Figure 5 shows the average event rate variations for
different zenith angle ranges as a function of AEF. The
event rate variations are found to be correlated with the
strength and polarity of the AEF and strongly dependent on
the zenith angle. In negative fields, the rate of events with
zenith angle less than 40° increases, and the variation
depends on the AEF intensity and on the zenith angle, with
a value of ~2.2% for zenith angles in the interval 0—20°. For
zenith angles in the range 40°-60°, the opposite situation
occurs and the maximum decreasing amplitude exceeds
—2.0%. In positive fields, the rate always decreases, and the
variation increases with the AEF strength and the primary
zenith angle, reaching about —6% for zenith angles in the
range 40°-60°.

—150 V/cm <=
3F +150 V/em ——— ]

Event rate percent variation

100

20 40 60 80
nhit

120

(a) Variation of the hit number distribution in an electric field of —150 and —150 V/cm. (b) Integral distribution of the hit
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FIG. 4. Percent variations of shower rates for different zenith angle ranges and ground AEF intensity as a function of time
(1 min/bin) during thunderstorm episodes 120804 (a) and 120528 (b).
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FIG. 5. Percent variations of shower rates for different zenith
angle ranges as a function of the ground AEF (averaged over 20
thunderstorm episodes).

IV. SIMULATION RESULTS AD DISCUSSION

To understand the data recorded by the ARGO-YBIJ
detector in shower mode, simulations of the extensive air
shower development and of the detector response have
been performed. Some more simulation results can be
found elsewhere [32].

The CORSIKA code (version 7.5700) [46] has been used
to simulate air showers in the atmosphere. This code has
been extended to account for the effect of atmospheric AEF
on the transport of electrons and positrons. The hadronic
interaction models selected are QGSJETII-04 for high
energy events and GHEISHA in the low energy range.
We assume proton primaries with arrival direction evenly
distributed in the sky, with a zenith angle less than 60°. In
view of the acceleration of the field, the energy cutoff for
positrons and electrons is set to the lowest possible value of
50 keV, i.e., positrons and electrons with energy below this
threshold are discarded from the simulation. The horizontal

and vertical intensity of the geomagnetic field components
used in simulations are By = 34.1 yT and B, = 36.2 uT,
respectively [47]. According to the energy threshold of the
ARGO-YBJ detector, a few hundreds of GeV in shower
mode [33], the simulated primary particles are selected as
protons with energy ranging from 100 to 10° GeV follow-
ing a power-law function with a spectral index of —2.7.

The measurements of the thunderstorm electric fields are
challenging to perform due to their violent nature [48]. To
study the field effects, we use homogeneous ambient electric
fields from —200 to 200 V/cm (lower than the threshold
field strength to trigger RREA process at YBJ). This will
certainly bring some deviations from a realistic situation.
However, such simplification could easily clarify the effects
of the thunderstorm electric fields on the secondary charged
particles. In addition, Bartoli et al. [26] reported that the
bottom of thunderclouds is typically a few hundred meters
above the detector. Thus, we assume an AEF with a vertical
direction, uniformly distributed in an atmospheric layer with
a thickness of 500 m, extending from the ARGO-YBJ
detector level (4300 m) up to 4800 m, corresponding to an
atmospheric depth from 606 to 568 g/cm?.

To simulate the ARGO-YBJ detector response, a specific
software, Gdargo [49], was developed in the framework of the
GEANT4 package [50]. In these simulations, at least 20 fired
pads in the central carpet of 130 clusters within a time
window of 420 ns are required for a shower trigger. By using
the official reconstruction procedures, the events meeting the
trigger conditions are used to reconstruct the shower core
and arrival direction. If the reconstructed core location is
outside the array, the event is discarded, as for real data.

Figure 6 shows the rate variations of showers as a
function of the AEF, according to the results of our
simulations. We can see that the event rates decrease in
positive fields and the variation becomes larger with the
field intensity, exceeding —2.5% in a field of 200 V/cm. In
negative fields, the opposite phenomenon occurs. Namely,
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FIG. 6. Simulations: rate variations of shower events as a
function of the electric field.

the event rates increase, and the variation is also depending
on the AEF intensity, being up to 1.5% in a field of
—200 V/cm. These trends are consistent with the data
obtained by the ARGO-YBJ detector, shown in Fig. 2.

The effect shown in Fig. 6 can be easily understood.
According to Refs. [26,27], the number of electrons in
EASs exceeds that of positrons in EAS due to the
asymmetry of production and absorption mechanisms.
Also, the fraction of electrons with lower energies is higher
than that of positrons. Thus, the effects of positive fields
(accelerating positrons) on positrons are much smaller than
that of negative fields (accelerating electrons) on electrons.
During thunderstorms, the secondary positrons and elec-
trons are accelerated or decelerated according to their
charge, causing a significant variation of the number of
particles with energy above the detector threshold, that is
2 MeV (details can be seen in Fig. 7 in Ref. [26]). As a
consequence, the number of shower events satisfying
the ARGO-YBJ trigger condition will also change. As a
result, the shower rates increase in negative fields but
decrease in positive fields and the variation amplitude is
AEF dependent.

Event rate percent variation

nhit

Figure 7 reports the event rate variations as a function of
the number of hits on the detector carpet in an AEF of —150
and +150 V/cm, respectively. The experimental data are
plotted to compare. It can be seen that the simulations are in
agreement with the data. The large rate decrease of smaller
showers in both polarization fields is probably due to the
fact that less energetic showers (i.e., with a small number of
hits) generally contain less energetic particles (as reported
in our previous study [26]). The larger deflection effects of
the electric field on low energy particles (in opposite
direction for electrons and positrons) could cause a “loss”
of particles from the detector area.

Figure 8 shows the percent change of events in different
zenith angle ranges as a function of the electric field,
obtained by simulations. The variations are correlated with
the AEF polarity and zenith angle. In positive fields, the
event rate decreases and the variation becomes larger with
the zenith angle. It can be more than 5% for zenith angles in
the range 40°-60° and an AEF of 200 V/cm. In negative
fields, their behaviors are more complex. If the zenith angle
is less than 40°, the rate increases, being larger for smaller
zenith angles. The maximum value is about 2.3% for zenith
angle 0-20° in a field of —200 V/cm. For zenith angles
larger than 40°, however, the event rate decreases, and the
amplitude is field intensity dependent, being about —2% in
a field of —200 V/cm.

The comparison of the results of our simulations with
experimental data is shown in Figs. 9. We can see that data
and simulations are in very good agreement.

Combined with previous simulations [32,51], the
ARGO-YBJ observations can be easily understood. In
presence of an AEF, the lateral distribution of secondary
charged particles becomes wider, and this effect increases
with the zenith angle. For different distances from the
shower core, the number of secondary particles may
increase or decrease. Since in general the trigger conditions
of an air shower detector require a certain number of
detected particles in a given area, the variations of the
particle number due to the electric field can alter the trigger

Event rate percent variation
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a5k ) ‘ ‘ ‘ data ---=--
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FIG. 7. Variation of the hit number distribution in an AEF of —150 (a) and +150 V/cm (b). Blue lines represent the simulations and

red points represent the data.
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FIG. 8. Simulations: percent variations of shower events in
different zenith angle ranges as a function of the AEF.

rate, in a way that depends on the position of the shower
core and on the primary zenith angle.

In the ARGO-YBJ detector, the core position should be
in the central carpet and the average distance of the detected
particles from the shower core is about 40 m. From the
integral change of particle number at distances from the
shower core with less than 40 m (reported in Fig. 3 in
Ref. [32]), in a negative field, an increase of the particle
number occurs at small zenith angles and a decrease occurs

" ‘ ‘ " MC:0=0-60" ——
data:6=0-60" + —+- -« |

3E

Event rate percent variation

-200 -150 -100 -50 0 50 100 150 200
Electric field (V/cm)

MC.0-20-40° — o
data:0=20-40" - --- ]

Event rate percent variation

2200 -150 -100 50 0 50 100 150 200
Electric field (V/cm)

at large zenith angles. However, it decreases in a positive
field and the decreased amplitude becomes larger with zenith
angle. This law is consistent with the observed data in
ARGO-YBJ (shown in Fig. 9), showing that the observed
trigger rate variations are actually due to the acceleration/
deceleration and deflection effects of the electric field.

It has to be noted that for different detector sizes, with
different mean distances of detected particles from the
shower core, the dependence of event rate variations on the
zenith angle in the presence of an AEF can be different, or
even opposite. Figure 9 has showed the results observed
in the ARGO-YBJ as an example of small detector size.
When the size of the detector is the order of kilometers or
infinite, for example, an opposite behavior occurs [32]. In
the negative AEFs, the rate increases and the enhanced
amplitude becomes larger with zenith angle. Positive fields
produce a more complex behavior. For small AEF inten-
sities, there is a clear rate decrease. Then, as AEF increases,
the rate begins increasing and the variation amplitude
increases with the zenith angle.

V. SUMMARY AND CONCLUSIONS

The variation of the detection rate of air showers by
ARGO-YBJ during 20 thunderstorm episodes in 2012 has
been studied. Significant rate variations (both increases and
decreases) are observed in correlation with the atmospheric

MC:0=0-20° ——
data:0=0-20° - -+~ -

Event rate percent variation

'200 -150 -100 -50 0 50 100 150 200

Electric field (V/cm)

MC:0=40-60" ———

0 . 1 P ey 9012:0=40-60° - o 4

Event rate percent variation
A
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FIG. 9. Percent variations of shower rates as a function of the AEF strength for different zenith angle ranges. Red points represent the

data and blue lines represent the simulations.
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electric field strength. Generally, the detection rate
decreases in positive fields (i.e., directed towards the
ground), and mostly increases in negative fields. The
variation amplitude is not only correlated with the strength
and polarity of the electric field, but also highly dependent
on the primary zenith angle.

To study this dependence we divided the events into
three groups according to the zenith angle: 0°-20°, 20°—40°
and 40°-60°. We found that in positive electric fields the
detection rate always decreases and the amplitude of the
variation increases with the zenith angle, reaching —5% in
the zenith angle range 40°-60°. In negative electric fields,
the rate decreases for zenith angles 40°-60°, but increases
for smaller angles, the variation becoming larger as the
angle decreases. The maximum rate variation is 2.3% in the
range 0-20°.

During the thunderstorm episodes considered here, the
AEFs strengths are found to be less than the threshold
field able to trigger RREA process, that in our case cannot
be considered responsible for the observed rate varia-
tions. On the other hand, our data can be fully understood
considering the acceleration/deceleration and deflection
effects of the electric field on electrons and positrons of
air showers. Electrons and positrons act in opposite ways
under the effect of an electric field. The different proper-
ties of electrons and positrons in a shower, i.e., the total
number, the energy spectrum and lateral distribution,
produce a complex variation of the shower morphology
under the effect of the field, resulting in an increase or
decrease of the particle number at different distances from
the shower core.

For any given shower, the variations of the spectrum and
lateral distribution of particles will affect both the number
of particles and their position on the ground. Since the

ARGO-YBJ trigger condition for showers is defined by the
number of hits in the central carpet, the modification of the
shower pattern will result in a variation of the trigger rate.

The Monte Carlo simulation that we performed assum-
ing a uniform electric field in a layer of thickness 500 m
above the detection level, can describe all the observations,
founding an excellent agreement with data, in terms of
the amplitude and sign of the detection rate variations, for
different strength and polarity of the field (up to about
4200 V/cm) and for different zenith angles of the primary
cosmic ray arrival direction.

The Large High Altitude Air Shower Observatory has
been constructed at Haizi Mountain (4410 m a. s. 1.) in
China. Analyzing the data of shower modes [52] and scaler
modes [53], the correlations between the thunderstorm
electric fields and cosmic ray variations will be studied in
more detail.
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