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Abstract: Variations of the intensity of cosmic ray muons with energy threshold of 100 MeV during thunderstorms 
are investigated. Experimental data under analysis were obtained with the Carpet shower array in the Baksan Valley, 
North Caucasus. It is shown that statistically significant effects are observed in the majority of thunderstorms. Typi-
cal duration of disturbances of the muon intensity is 8 min, and the amplitude of these disturbances never exceeds 1%.  
Examples of bright events are presented and the role of lightning discharges in interpretation of data is discussed.    
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1 Introduction 
 
Variations of cosmic rays during thunderstorms are being 
studied in the Baksan experiment [1, 2, 3] for more than 
a decade. In [4], regression coefficients (linear and qua-
dratic) were obtained for the dependence ‘muon intensity 
versus near-ground electric field’ at three different thre-
sholds of muon energy (1 GeV, 100 MeV, and stopping 
muons). Based on approximate solution of the kinetic 
equation for propagation of muons in the electric field, a 
formula for the muon intensity as a function of the near-
earth electric field and the potential difference between 
the ground level and the altitude of muon production was 
derived in [5]. In addition to these regular variations of 
the muon intensity with field there are disturbances of the 
muon flux not connected directly with near-the ground 
field. In this paper we present some statistics of such 
sharp changes (disturbances) of the muon intensity (both 
positive and negative). These statistical data are obtained 
during one thunderstorm season for muons with the thre-
shold energy of about 100 MeV. A couple of the bright 
events with evident effects produced by lightning dis-
charges are also presented and their significance is dis-
cussed.       
 
2 Statistics of Muon Variations 
 
The period in the season of 2008 from April 23 to August 
3 was studied, which included in total 33 thunderstorm 
days. Only in 7 of these thunderstorms no statistically 
significant muon variations were discovered. In the re-
maining 26 thunderstorm as many as 114 muon distur-
bances were found, 52 positive and 62 negative. For 

selection of these muon intensity variations the data 
averaged over two-minute intervals were used, the stan-
dard deviation being in this case equal to � = 0.05%. As 
a lower amplitude threshold of selecting variation for the 
analysis we take Ath = 0.2% = 4�. As a characteristic of 
the period of disturbed intensity the duration of its effec-
tive segment was accepted. The effective segment was 
defined as a time during which the disturbance in every 
2-min interval exceeded half of the maximum value of a 
given disturbance. The distribution of thunderstorms over 
the number of disturbances is illustrated in Fig. 1. One 
can see that all thunderstorms under analysis are sepa-
rated in two distinct groups. One of them (29 thunders-
torms) includes either a small number of disturbances or 
none. Another group contains four thunderstorms with a 
large number of disturbances (from 12 to 16).       

 
            Figure 1. The number of thunderstorms (m) 
           with a given number (n) of muon disturbances. 
 
The total number of disturbances in the first group is 55, 
35 negative and 20 positive (the ratio is 1. 75), while in 
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the second group the total number of 59 disturbances 
consists of 27 negative and 32 positive events (the ratio 
is 0.89). Thus, in thunderstorms with small number of 
disturbances (they are usually short thunderstorms) nega-
tive disturbances are twice more probable as compared to 
thunderstorms with large number of muon disturbances.   
Analyzing effective durations of all 144 events we have 
found that their mean value is 7.6 � 4.2 min. There is no 
statistically significant difference of this value deter-
mined for events of different polarities and for different 
groups of thunderstorms. The longest event in this sam-
ple lasted for 24 min, while the event with record dura-
tions (event on September 24, 2007 shown below) has 
duration of about an hour and a half.   
 

 

 
          Figure 2. Distributions of amplitudes of muon 
          intensity disturbances, 52 positive (upper  
          panel) and 62 negative events (lower panel).   
 
 
Distributions of amplitudes of the found variations are 
presented in Fig. 2 separately for positive and negative 
disturbances. The mean amplitude and root mean square 
deviation are equal in case of positive events to Аp = 
0.33% and σАp = 0.11%, respectively. Corresponding 
values for negative disturbances are Аn = 0.39% and σАn 
= 0.17%. No disturbances with amplitude exceeding 1 % 
were observed.  
 
3 Bright Events and the Role of 

Lightning Discharges 
 
Figure 3 presents the strong variation of the muon inten-
sity during on September 24, 2007. From top to bottom 
the following averaged data are shown: the recorded 
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 

electric current (bottom panel). Following these data one 
can trace the evolution of the thunderstorm that has 
started approximately at 19:50 with an increase of nega-
tive electric field, which soon has changed its polarity. 
Approximately at 20:40 a strong lightning activity began, 
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 
simultaneously (at 20:41 and 20:48). Finally, at about 
21:40 the thunderstorm pattern changes radically: nega-
tively charged rain begins and is permanently intensified, 
lightning signals becomes stronger and less frequent, 
while (the most interesting effect for us) the muon inten-
sity drops down approximately by 1% for a pretty long 
time. In the meantime, two lightning events approximate-
ly at 22:11 and 22:30 have caused jump-like changes of 
the intensity again to the mean level with the subsequent 
recovery of the depressed muon intensity in a time of 
order of a few minutes. Arrows in Fig. 3 and digits near 
them mark these disturbances of the muon intensity asso-
ciated with lightning strokes. 
 

 
 

Figure 3. Thunderstorm event on September 24, 
2007. From top to bottom the panels present the 
records of the electric field, the hard component 
of cosmic rays, and precipitation electric current. 
Lightning discharges 1, 2 and 3, 4 cause sharp 
changes in muon intensity.    

 
Comparing with the above statistical data, we see that the 
event on September 24, 2007 is distinct, first of all, by its 
record duration (about one and a half hour) and large 
amplitude (~1%). Second, for the first time the influence 
of lightning strokes on the effect amplitude is observed in 
this event. This influence is reduced for lightning dis-
charges 1 and 2 to a decrease of intensity with a subse-
quent recovery, while for lightning discharges 3 and 4, 
on the contrary a decreased intensity is temporarily res-
tored to its mean level. The first pair of discharges oc-
curred on the background of undisturbed intensity, and 
this is indicative of a small potential difference between 
the level of muon generation and observation level at the 
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moment of recording. Hence, the net potential difference 
was a sum of high potential of different polarities. A 
lightning discharge shunts a part of them, instantly mak-
ing its value equal to zero. As a result, immediately after 
the discharge a significant net potential exists along the 
muon path length, and this leads to a jump in the muon 
intensity. Then, gradually the original distribution of 
charges is recovered, and the muon intensity goes to its 
previous value. The characteristic time of recovery for 
muons (more than one minute) substantially exceeds the 
relaxation time of the near-ground field, which is virtual-
ly indiscernible on the time scale of Fig. 3.  
 

Figure 4. Thunderstorm event on September 11, 2005 
(averaging over 10 s intervals). From top to bottom are 
shown: near-ground electric field, the soft component 
intensity (electrons, positrons and gamma-rays 10-30 
MeV), the hard component intensity (muons > 100 MeV), 
and precipitation electric current.  
 
The most natural explanation of the long decrease of the 
muon intensity is elevation of the upper boundary of a 
thunderstorm cloud high above the generation level for 
muons. In this case too, a large uncompensated potential 
arises along the muon path, and this field configuration 
turns out to very stable being conserved for an hour and a 
half. The time of its maintenance is rather long, about 10 
min. It is worthwhile to note that this intensity drop ra-
ther well correlates with the behavior of the near-ground 
electric field strength (upper panel). However, later there 
is no correlation: while the field varies strongly (includ-
ing changes of polarity), the reduced intensity is quite 
stable with the exception of sharp variations associated 
with lightning strokes. Evidently, lightning discharges 3 
and 4 take away a part of potential existing at this mo-
ment in the atmosphere. It seems quite possible that these 

lightning strokes can coincide with high-altitude dis-
charges which carries away the charge from the region 
above the muon generation level into the ionosphere, so 
that the initial situation of small potential between this 
layer and the observation level arises again for a while. 
Consequently, the muon intensity changes in a jump-like 
manner to its mean daily value. Then, the charge above 
the muon generation level is accumulated again with a 
characteristic time which is determined by mobility of air 
ions and should coincide in the order of magnitude with a 
time of charge dissipation in the atmosphere, whose 
typical value is 100 seconds. It is approximately equal to 
characteristic time of recovery of the muon intensity after 
all discharges in Fig. 3. 
 
Another event in which one can see some correlation 
with lightning for positive disturbance is shown in Fig. 4 
(thunderstorm on September 11, 2005). Unlike the pre-
vious event, where only muon effect was observed, here 
a well-pronounced enhancement in the soft component is 
observed. The process of particle generation is inter-
rupted by a lightning (the second panel from the top), and 
the same lightning changes the time behavior of the 
muon flux (the third panel).  
 
We think the correlations with lightning discharges to be 
very important for interpretation of muon variations. The 
flux of muons is sensitive to temperature in the stratos-
phere. One could suppose that sharp changes in muon 
intensity are connected with fast temperature variations 
during thunderstorms. However, instantaneous jumps of 
intensity (especially as those in Fig. 3) testify that the 
process of changing intensity is almost inertialess, which 
is impossible for temperature changes. Thus, the events 
with lightning effects are a direct proof that the electric 
field of thunderclouds is origin of such muon distur-
bances.   
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