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Abstract. Variations of cosmic rays in thunderstorm atmosphere, as measured at the Baksan Neutrino Observatory with the Carpet air 
shower array, are discussed. Their underlying mechanisms and accompanying phenomena are also considered. The observed effects in 
cosmic rays include regular variations with the near-ground electric field of the soft (electrons, positrons and gamma-rays) and hard (mu-
ons) components of secondary cosmic rays and sporadic changes in intensity of both these components (bright events). Associated phe-
nomena occurring simultaneously with bright events in cosmic rays include geomagnetic pulsations (observed by high-sensitivity mag-
netic variation station deep underground) and large-scale atmospheric high-altitude discharge of a new type (observed by a video camera 
placed at a distance of 75 km from the Carpet array). Implications of all these results and prospects for further studies are discussed. 

1. INTRODUCTION 

Thunderstorm variations of secondary cosmic rays dur-
ing thunderstorms were first proved to be related to the 
strong electric field (measured near the ground surface) in a 
pioneering experiment carried out by A.E. Chudakov with 
collaborators in early 1980s (for references see Lidvansky, 
2003). The new version of the same experiment (Alexeenko 
et al., 2002; Khaerdinov et al., 2005) yielded a lot of data 
on variations of cosmic rays during thunderstorms, a part of 
which is discussed below. We consider two types of exper-
imental data: (i) regular variations of the counting rates of 
the soft and hard components correlated with the near-earth 
electric field of the atmosphere during thunderstorms and 
(ii) bright events or strong changes in the counting rate of 
these components. The soft component under study is rep-
resented by electrons, positrons, and gamma-rays in the 
energy range 10-30 MeV, while muon intensity was inves-
tigated at three different energy thresholds. In this paper we 
present a brief overview of the most important experimental 
results and discuss their interpretation. 

2. EXPERIMENTAL DATA AND MODEL OF       
PARTICLE GENERATION  

Experimental data on variations ‘intensity versus field’ 
published in Khaerdinov et al., 2005 are shown in Fig. 1 
together with theoretical estimation of the predicted trans-
formation in the near-earth field made in Lidvansky et al., 
2004. The plot of Fig.1 is constructed using 52 carefully 
selected thunderstorm events detected in Baksan Valley 
(North Caucaus) in 2000-2002.   

The red solid curve in Fig. 1 is the weighted mean of 
approximations by second-degree polynomials made in 
each thunderstorm event. The left part of Fig. 1 (negative 
field) corresponds to acceleration of electrons (all electrons 
of secondary cosmic rays gain additional energy in the elec-
tric field so that their counting rate increases at a constant 
threshold of detection). Similarly, the right branch of the 
curve of Fig. 1 should correspond to acceleration of posi-
trons in the field of the opposite sign. The blue dashed and 
dot-dashed lines represent theoretically calculated effect for 
two extreme values of calibration coefficients. The curve 
best fitting the experimental data is selected to subtract ex-
pected behavior from the real data. The result is shown in 
Fig. 2.  

  

 
Figure 1. Experimental deviation of the soft component count rate 
versus near-ground electric field. The result is obtained for 52 
thunderstorms selected from 106 having occurred in 2000-2002 seasons 
in the Baksan valley. Also shown are calculated expectations for electron 
spectrum transformation in the field at two extreme values of calibration 
coefficients of electric field meter.  

 
Figure 2. Experimental data of Figure 1 after subtraction of theoretical 
curve obtained as weighted mean of two calculated curves of Figure 1.  
See text for explanations.  

The effect of spectrum transformation in the near-
ground field is pretty small. The linear term of this depend-
ence is such that when field strength changes by 1 kV/m the 
counting rate changes 20 times weaker than when atmos-
pheric pressure changes by 1 mm of Hg. Nevertheless, this 
effect is observable (as show the data of Fig. 1) and reason-
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ably well described by calculations in the range of near-
ground field from  7 kV/m to + 7 kV/m. Beyond these 
limits there are bumps of excess particles whose origin is 
rather obvious.  

    According to experimental measurements of the ver-
tical profile of electric field during thunderstorms, it has a 
layered structure and quite frequently the strong field in the 
cloudy layer has opposite sign with rather weak near-
ground field. Electrons accelerated in the strong field (run-
away electrons) and their avalanches produce gamma-ray 
emission that is detected at the observation level.  

    The regular part of distribution in Fig. 1 has linear 
and quadratic terms. The same situation is with the muon 
intensity, the difference being in the fact that the quadratic 
coefficient in the data of Fig. 1 is positive, while for muons 
it is negative. Also, it is strongly dependent on the muon 
energy threshold (for details see Lidvansky et al., 2004). In 
both cases the linear terms are connected with charge 
asymmetry of the particle flux, and quadratic terms are de-
termined by the character of energy spectra (dominated in 
case of muons by particle decays).  

 
Figure 3. The strong enhancement of the soft component intensity 
during a thunderstorm on October 11, 2003. The lower panel presents 
the electric field meter record with lightning discharges clearly seen.  

Another experimental fact is observation of strong en-
hancements of the soft component intensity. The most pow-
erful event of this type was detected on October 11, 2003 
and is shown in Fig. 3. This event is remarkable not only by 
its amplitude. We observe in it two interruptions of regular 
process simultaneously with lightning discharges and natu-
ral saturation of the generation of particles with subsequent 
decay.      

The analysis has shown that such large variations of in-
tensity cannot be produced by simple transformation of 
energy spectra even in the strong field of thunderclouds. 
Two lightning discharges marked by arrows that change the 
region of particle acceleration are rather distant (estimated 
as 4.4. and 3.2 km). The third lightning discharge marked 
by arrow is very close and produces no effect on the parti-
cle intensity. One can conclude that the acceleration region 

is located rather far, and it is impossible to get so strong 
disturbance of intensity without additional generation of 
particles. The model of this generation was suggested by us 
and described in some detail in Lidvansky & Khaerdinov, 
2007a. The main points of this model are as follows.   

Figure 4.  Admissible regions for runaway (2) and feedback (4) particles.  

Figure 4 presents in a simplified form the result of ana-
lytical calculations made in Lidvansky & Khaerdinov, 
2007b for trajectories of particles moving with Coulomb 
scattering in a homogeneous electric field. Curve 1 repre-
sents energy losses of particles (dashed line for ionization 
only), and ordinate axis gives a field strength that compen-
sates them. Accordingly, in the standard theory of the run-
away electron breakdown (Gurevich et al, 1992; Roussel-
Dupre et al, 1994) this curve is a separatrix: above it any 
charged particle becomes a runaway particle. However, 
proper account for Coulomb scattering gets curve 2 as a 
separatrix for the zone of runaway particles. As a result, the 
critical field (minimum of the curve) turns out to be higher 
by approximately 25% in comparison with the field used by 
Gurevich et al., 1992. And (what is even more important) 
the minimum of the separatrix is displaced to the region of 
higher energies 

Owing to the last circumstance, contribution of brems-
strahlung to the total losses becomes significant, and this 
process leads to generation of gamma rays that are still suf-
ficiently energetic to produce electron-positron pairs. One 
component of each pair continues acceleration along the 
field direction, while another one, moving in decelerating 
field has some chances to make a turn by 180 and become 
a runaway particle in the opposite direction. Thus, a flux of 
runaway positrons originates in the field accelerating elec-
trons. For this flux the same scheme of reasoning is valid. 
These positrons produce an additional flux of runaway elec-
trons, and a positive feedback loop arises. If this feedback 
is sufficiently stable and efficient, exponential increase of 
intensity should take place. 

The allowed region for such a process is shown in Fig. 
4. It is located between curve 4 and the right branch of 
curve 2. As is seen in Fig. 4, the minimum field necessary 
for this process is higher than critical field of runaway 
breakdown theory only by 30%. This minimum is achieved 
at energy of about 10 MeV (this is just the energy threshold 
in our experiment). This process has some advantages over 
mere cascade multiplication of runaway electrons, for 
which a field of long extension is needed (many character-
istic lengths). In addition, this is the process that can ensure 
temporal properties of observed events (long duration).  

Usual runaway avalanches are developed very quickly, 
while the above feedback process can have different dura-
tion: this depends on the filed strength and extension. Fig-

1
2

3 4



   37 

ure 5 presents the calculated minimum possible field 
strength for which effective cyclic generation is allowed. 
Each curve represents a fixed time of exponential increase. 
The ordinate represents the field strength in the units of 
Gurevich critical field (216 kV/m at sea level), and the field 
extension is laid as the abscissa. Thick blue line corre-
sponds to 10 s (really observed time in our event on Sep-
tember 7, 2000 published in Alexeenko et al., 2002. Red 
curve corresponds to infinite time. Empty circles mark the 
curve calculated by J. Dwyer for absolute instability due to 
the runaway avalanches. The regime of our model lies deep 
in the region which he defined as semi-stable. It is worthy 
of noting that the rate of exponential growth of intensity in 
Fig. 5 depends on the product Dd, where D is the excess 
(in comparison to critical value) strength of the field and d 
is its extension (complete analogy with the Paschen’s law, 
where breakdown voltage depends on the product of pres-
sure and distance).      

 
Figure 5.  Electric field strength (in critical field units) versus field 
extension for particle generation process with different rise time.  

3. THE BRIGHT MUON EVENTS    

Figure 6 presents for the event of September 24, 2007 
the following averaged data from top to bottom: the record-
ed strength of the near-ground electric field (upper panel), 
the intensity of the hard component (mostly, muons with a 
threshold of 100 MeV), and the recorded precipitation elec-
tric current (bottom panel). Following these data one can 
trace the evolution of the thunderstorm that has started ap-
proximately at 19:50 with an increase of negative electric 
field, which soon has changed its polarity.  

In the meantime, two lightning events approximately at 
22:11 and 22:30 have caused jump-like changes of the in-
tensity again to the mean level with the subsequent recov-
ery of the depressed muon intensity in a time of order of a 
few minutes. Arrows in Fig. 6 mark these disturbances of 
the muon intensity associated with lightning strokes. So 
long suppression of muon intensity is obviously connected 
with the elevation of thundercloud higher than the effective 
level of muon production. The lightning effects are ex-
tremely important as a direct proof of the fact that the sup-
pression is indeed connected with electric field changes: no 
other factor can give so fast jump of intensity. Not so im-
pressive muon events take place in virtually every thunder-
storm. Statistical properties of them are presented in Khaer-
dinov and Lidvansky, 2011. It is shown in the latter paper 
that the amplitude of muon variation does not exceed 1%, 
and their mean duration is about 8 min. Some theoretical 
considerations about variations of the muon flux in atmos-
pheric electric field are given in Khaerdinov and Lidvan-
sky, 2005 and in Khaerdinov and Lidvansky, 2013b.  

 
Figure 6. Event on September 24, 2007. The largest and longest decrease 
of the hard component intensity throughout the entire period of 
observation with well-pronounced lightning effects.  

 
Figure  7. Thunderstorm event observed in Baksan Valley on October 
15, 2007. Interval of averaging is 4 s. From top to bottom the panels 
represent the strength of the near-earth electric field, intensity of the soft 
component 10-30 MeV (percent deviation from daily mean value), the 
hard component (muons > 100 MeV) and the h-component of the 
geomagnetic field with subtracted trend of the daily wave.  
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Approximately at 20:40 a strong lightning activity be-
gan, being accompanied by a small positively charged rain. 
In this case, there are two unequivocal disturbances in the 
muon flux associated with lightning strokes recorded simul-
taneously (at 20:41 and 20:48). Finally, at about 21:40 the 
thunderstorm pattern changes radically: negatively charged 
rain begins and is permanently intensified, lightning signals 
becomes stronger and less frequent, while (the most inter-
esting effect for us) the muon intensity drops down approx-
imately by 1% for a pretty long time.  

4. GEOMAGNETIC PULSATIONS   

The event of October 15, 2007 presented here (Fig. 7) 
is discussed in more detail in Kanonidi et al., 2011. The 
amplitudes of enhancements in the soft and hard compo-
nents are not outstanding. But a remarkable feature of this 
event is the presence of simultaneous pulsations of geo-
magnetic field measured deep underground in a tunnel of 
the Baksan Neutrino Observatory and far (4 km) from the 
EAS array.  

The pulsations are shown in Fig. 7 for one component 
(bottom panel) where the daily trend of the geomagnetic 
field is subtracted. The red dashed horizontal bar marks the 
region of pulsations with typical duration of pulses 100 s. 
Other details of this event also deserve attention, and they 
have been partially given in Kanonidi et al., 2011.  

5. NEW TYPE OF HIGH-ALTITUDE DISCHARGE  

Thus, it was established in this experiment that the ac-
tive period of a thunderstorm was frequently accompanied 
by anomalous disturbances of muon intensity whose inter-
pretation needs to assume the potential difference of about 
100 MV in the stratosphere (Khaerdinov & Lidvansky, 
2013a). These disturbances can coincide with anomalous 
disturbances in the electron-photon component (see Fig. 7), 
which can be explained by generation of bremsstrahlung 
photons produced by avalanches of runaway electrons ac-
celerated in the stratosphere (Khaerdinov & Lidvansky, 
2013b).    

So, experimental facts and their model explanation 
give a lot of indirect evidence in favor of existence of a 
rather slow high-altitude large-scale discharge resulting in 
electric breakdown of the stratosphere. In recent years an 
attempt has been made to observe this new atmospheric 
phenomenon directly. For this purpose the sky region above 
the array was continuously viewed by two video cameras 
CS-265-IP, whose information is stored on hard disks. The 
distances from the experimental setup to the cameras were 
1 km and 75 km, observations being carried out in night 
time in the BW mode, without color resolution. The expo-
sure time is 0.7 s, and sensitivity of recording brightness 
variations is 10-8 lx (10-10 W/m2) of illumination. The field 
of view of the remote camera (75 km) is 60 x 45. The 
lower edge of frames is set to make an angle of 3 with the 
horizon. 

 Thunderstorm event on September 15, 2013 (Fig. 8) 
occurred in the night and had two active periods. Due to 
technical problems no data of electric field measurements 
and near camera were available at this moment. The distant 
camera recorded a luminous front in the middle atmosphere 
moving from north to south. Figure 9 presents images (with 
brightness intensified by a factor of 25) corresponding to 
different stages of development of this glow.  

 Simultaneously with emergence of the glow (Fig. 9a) 
rain is getting heavier and thunderstorm begins. This is ob-
vious from a sharp increase of precipitation electric current, 
growing pressure, and lightning indicator data. With the 
appearance of glow the intensity of muons started decreas-
ing, which means formation of a negative potential differ-
ence in the troposphere. At the maximum of the decrease 
(Fig. 9b) the glow is observed for 2 min in the region lower 
than 6.5 km a.s.l. (altitudes of less than 4 km are screened 
by mountains). At the same time, there is a large-scale glow 
at altitudes higher than 20 km above sea level. The moment 
of Fig. 9c corresponds to a maximum of fast positive dis-
turbance of the muon intensity. One can see a descent of the 
glow region in the stratosphere, now it correspond to alti-
tudes 12.5 - 20.5 km above sea level.   

 Its intensification in comparison with the moment of 
maximum negative disturbance of muons is evident. The 
moment when thunderstorm activity has stopped corre-
sponds to Fig. 9d. It is seen that the process supporting the 
glow continues on a smaller scale and slightly to the right 
from the array. The air transparency was good during the 
first active period, and this allowed us to observe by the 
distant camera the lightning discharges recorded by the 
lightning indicator and precipitation electric current meter.  

 

Figure 8.  Thunderstorm event on September 15, 2013. Interval of 
averaging is 15 s in all cases except for two upper panels. From top to 
bottom: 1. lightning indicator (arbitrary units proportional to amplitude 
of electromagnetic signal from lightning discharges), 2. mean brightness 
of different sky areas on distant camera images (red colour for 
ionosphere, violet for stratosphere, and blue for troposphere), 3. 
pressure, 4.  variations of the soft component, 5. variations of the hard 
component, 6.  precipitation electric current. Units of optical data in the 
second panel 10-7 lx (data are presented with one-minute intervals 
averaged over four adjacent frames). 
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Later the thunderstorm front propagated in the direc-
tion of the remote observation point, which caused deterio-
ration of transparency and appearance of diffuse glow near 
the ground. 

Approaching lightning discharges are also recorded by 
the camera. The quick termination of recorded glow is ap-
parently caused by degradation of air transparency due to 
beginning of rain at the place of camera location. 

 
Figure 9.  Development of glow in the atmosphere for thunderstorm 
event on September 15, 2013. Brightness of images is intensified by a 
factor of 25. 

6.  DISCUSSION AND CONCLUSIONS 

This paper includes neither description of experimental 
facilities and methods of processing, nor details of calcula-
tions made. The aim of it is just to present a list of most 
interesting results, so that it is a sort of guide over publica-
tions where necessary information is given in some detail. 
We also do not cite experimental data of other groups, since 
most of them are concentrated on recording radiation asso-
ciated with lightning and make use of detectors of relatively 
small area.  Some of these experiments, like those at Tien 
Shan, Tibet and Mt Aragats in Armenia are carried out at 
higher atmospheric level, where particle effects during 
thunderstorms are more frequent and have larger ampli-
tudes. At the same time the proximity to the region of 
strong electric activity should make experimental condi-
tions more dangerous as far as induced interference is con-
cerned. Our experimental setup is located deep in the at-
mosphere (the altitude of observation is 1700 m a. s l., 
while the heights of surrounding mountains is about 3900 
m), and even in this case the electric interference effects are 
important. For example, in order to obtain the picture of 
Fig. 1 we had to take into analysis less than a half of detect-
ed thunderstorms. The rest of data were excluded as more 
or less suspicious with respect to noise. Due to so strict 
criteria of selection we can be sure in reliability of present-
ed material. In addition, we study variations of cosmic rays 
with large area detectors (54 m2 for the soft component 
observations, and 200 m2 and 175 m2 for detecting muons 
with thresholds of 100 MeV and 1 GeV, respectively), 
which allows us to have sufficiently high statistical accura-
cy of particle detection.   

The data on optical observations are described above in 
more detail in comparison with other results, since they 
were obtained after purposeful search: the entire set of pre-
vious data and models interpreting them had led us to a 

hypothesis of existence of a new type of high-altitude dis-
charge simultaneously with disturbances of cosmic ray mu-
on intensity, and this effect was indeed observed. Thus, 
some predictive power of our concepts was demonstrated.  

Summarizing, we can conclude that the experimental 
data accumulated for a period longer than a decade have 
produced a lot of information about processes occurring 
with cosmic rays and caused by them in thunderstorm at-
mosphere. Some new effects have been discovered that 
require confirmation and further investigation. It should be 
noted that it became possible to observe some new effects 
due to adding new types of data to original set, first mag-
netic measurements, and then visual observations.  

Accumulation of data in this experiment is rather long, 
since the rate of bright events is pretty low: a few events 
per thunderstorm season. For optical data the number of 
observable events is even less (only night thunderstorms 
and only at favorable geometry of cloudy layer position and 
motion are suitable).  

So, in the future it is naturally planned to continue ob-
servations in order to increase statistics and to include more 
additional data into analysis in order to make investigations 
as comprehensive as possible. Also, based on the results 
and knowledge obtained up to now, one can plan some new 
experiments in the field of atmospheric research using cos-
mic rays.    
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