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Abstract. The possibility of probing the geometry of a thunderstorm near the place of observation using experimental data on count rates 
of a large-area muon detector is investigated for the conditions of high surrounding mountains with a complex profile. A method of anal-
ysis is suggested and demonstration to one particular event of this type recorded by the Carpet air shower array of the Baksan Neutrino 
Observatory.    

1.  INTRODUCTION  

Anomalous disturbances of particle intensity recorded 
in the experiment studying variations of cosmic rays during 
thunderstorms at the Baksan Neutrino Observatory are ex-
plained using a model of slow electric breakdown of the 
stratosphere under the action of avalanches of runaway 
electrons. In this case, according to the theory of formation 
of intensity disturbances for muons detected by a horizontal 
array, significant angular dependence should exist for the 
effect amplitude. Indeed, for vertical muons the preferential 
decay of decelerated particles is the main effect, and it 
forms a strong negative quadratic field dependence of the 
total intensity. At the same time, for particles moving at 
large zenith angles the effect of focusing by vertical field is 
most significant: it increases the effective detection area for 
them, forming as a result a positive quadratic regression.  

 Studying the disturbances of muon intensity during 
thunderstorms at different zenith angles, one can get some 
information about geometry of the process of the strato-
sphere breakdown, that is, about its dimensions and dis-
tance from the observation point. In addition, one could 
determine the potential difference in the stratosphere asso-
ciated with the breakdown. Below, a method of determining 
parameters of the breakdown region with the use of data on 
variations of secondary cosmic rays during thunderstorms 
at different angles is described. 

 The Carpet air shower array of the Baksan Neutrino 
Observatory is located in the Baksan Valley, North Cauca-
sus at an altitude of 1700 m above sea level. The tops of 
surrounding mountains (4-5 km a.s.l...) are at a distance of 
about 5 km. The particle fluxes of secondary cosmic rays 
are permanently recorded by the array together with atmos-
pheric pressure, temperature, near-ground electric field and 
precipitation electric current. Detected particles are divided 
in two components. The soft component (electrons, posi-
trons and photons) is recorded in the energy range 10-30 
MeV. The hard component is represented mainly by muons 
(83%) with energy higher than 100 MeV. These two com-
ponents form two independent channels of recording sec-
ondary cosmic rays. They are going through the atmosphere 
whose diagnostics can be performed by deciphering varia-
tions of their intensity. Fig. 1 present the angle of elevation 
above horizon of the upper edge of mountains for an ob-
server looking from the center of the Carpet air shower ar-
ray. 

2.  METHOD 

Groups of muons with different effective angle of arri-
val are experimentally selected. The method is based on 
separation of detected particles into channels with different 
energy release in the detector (the incident angle and energy 
release are interconnected). Variations in the channels dur-
ing thunderstorms should be substantially different (N. 
Khaerdinov et al., 2013a). This is connected with focusing 
action of the vertical electric field upon muons. This action 
increases with increasing zenith angle. Analyzing variations 
in separated channels one can determine model parameters 
of the thunderstorm field that forms these variations. 

 
Figure 1. Elevation angle of mountain upper edge around the array 
center (on the left); and azimuth distribution of elevation angle of moun-
tains around the array center (on the right). 

We describe the thunderstorm region forming muon 
variations in the form of a cylinder with constant potential 
difference between its bases. The upper base corresponds to 
the effective height of generation of detected muons (11.5 
km above sea level). The lower base corresponds to zero 
isotherm level of about 3.3 km above sea level (N. Khaer-
dinov et al., 2015). Such a model allows one to characterize 
the action of a thundercloud on detected muons by three 
unknown parameters: potential difference, radius of bases, 
and distance from the array to the thunderstorm region cen-
ter. Near-ground part of the field is estimated by direct 
measurements made with the electric field meter. In order 
to determine basic characteristics of thunderstorm activity, 
it is sufficient to have three independent channels recording 
muon intensity variations and sounding the region under 
different angles. However, one cannot distinguish azimuth 
orientation of the center of the thunderstorm region.  

3. IMPLEMENTATION 

During thunderstorms the variations of instrumental 
origin are possible, and they reveal themselves as instability 
of thresholds and maximum position of the energy release 
spectrum. Therefore, in addition to three information chan-
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nels one should have the fourth independent channel char-
acterizing the maximum position. We divide the spectrum 
of detected muons in four parts with equal intensities (Fig. 
2). Taking into account fluctuations of energy release of 
muons in the detector, the accuracy of angle determination 
using this method is about 20%. Hence, the regions of spec-
tral maximum (regions 1 and 2) correspond to vertical mu-
ons. Comparing their behavior one can get information 
about stability of variation detection. The first (30-50 MeV) 
and second (50-62 MeV) parts of the spectrum correspond 
to arrival angles 0-35. Accordingly, the third (62-90 
MeV) and fourth (>90 MeV) parts correspond to angular 
ranges 35-55 and more than 55, respectively.  

 
Figure 2. The spectrum of detected muons with partition in equal inten-
sity parts that correspond to different directions of muon arrival. The 
first part is soft component, next follow angular intervals from 0 to 35 
(1 and 2), from 35 to 55 (3), and higher than 55 (4). Electron-photon 
component is cutoff by energy threshold with the best stability (30 MeV). 

Surface topography of surrounding mountains prevents 
a major part of muons with large zenith angles from being 
detected. This fact reveals itself in the behavior of muon 
variations caused by thunderstorm fields. In (N. Khaerdinov 
et al., 2013b) regression coefficients for the case of infinite 
field extension in the horizontal plane were calculated, as 
well as potential differences. Fig. 3 present, for the case of 
infinite field extension in the horizontal plane, distributions 
of angular coefficients of linear and quadratic regression of 
muons with allowance made for mountain border line.  

 

 
Figure 3. Azimuth distribution of angular coefficients of linear (left) and 
quadratic (right) regression with potential difference in the stratosphere. 
Regression coefficients are for muons with energy higher than 100 MeV. 
The mean values correspond to a zenith angle of 65.  

 
Figure 4. Thunderstorm event on June 20, 2014. The time of averaging 
is 20 s. Local time. From top to bottom variations of: 1) electric field; 2) 
soft component (10-30 MeV); 3) soft component (10-17 MeV); 4) soft 
component (17-30 MeV); 5) precipitation electric current (nA/m2). 

The mean values of these regression coefficients 
correspond to a zenith angle of 65.  Hence, this is the 
characteristic angle of formation of muon variations.  

The linear regression coefficient varies with azimuth 
within the range of 10%, while the quadratic coefficient 
variation is more significant. This fact shows stronger 
dependence of variations in the amplitude of the muon 
intensity on geometry of the thunderstorm field, which was 
not taken into account before.  

4. DATA ANALYSIS 

Let us demonstrate the method application using the 
thunderstorm event on June 20, 2014 as an example. Figs. 4 
and 5 present the plots of different parameters measured by 
the Carpet array in this period. The recorded disturbances 
of the soft and hard components correspond to realization 
of a runaway electron breakdown in the stratosphere region. 
This follows from the flat spectrum of disturbances of the 
gamma-ray intensity and anomalous disturbance in muons 
detected at 15:55. Details of analysis of such experimental 
data are described in paper (N. Khaerdinov et al., 2013b). 
The method described here allows one to characterize spe-
cific features of the active thunderstorm region that forms 
these anomalous disturbances.  

Fig. 5 present successive channels of detection for mu-
ons sounding the thunderstorm region at various angles. 
Two upper panels represent intensity variations for vertical 
muons, their synchronous behavior demonstrates stability 
of detection. The existence and character of the anomalous 
disturbance variation with channels corresponds to the 
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model of formation of disturbances by thunderstorm field 
as described in (N. Khaerdinov et al., 2013b). 

 
Figure 5. The same event as in Figure 4. From top to bottom variations 
of: 1) muon intensity 30-50 MeV (0-35); 2) muon intensity 50-62 MeV 
(0-35); 3) muon intensity 62-90 MeV (35-55); 4) muon intensity > 90 
MeV (> 55); 5) total muon intensity (> 30 MeV).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

5. CONCLUSIONS 

An example of experimentally detected anomalous dis-
turbances of the intensity of muons with energies above 100 
MeV, as measured by the Carpet air shower array, is pre-
sented and analyzed for different ranges of zenith angles. 
The possibility of estimating experimentally the geometry 
of thunderstorm field is demonstrated. A method to correct 
the obtained data for variations of apparatus origin is de-
scribed. The effect of surrounding mountains on formation 
of muon intensity disturbances during thunderstorms is 
estimated.  
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