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Abstract: Dependence of muon flux at the Earth's surface on atmospheric conditions (pressure, temperature, humidi-
ty, etc.) opens a possibility to study these parameters by detection of muon flux variations. For that, special detectors–
muon hodoscopes–which can register muons from any direction of the upper hemisphere with a good angular resolu-
tion (about 1 degree) are required. Such type detector URAGAN is now under operation in National Research Nuc-
lear University MEPhI. In this paper, results of observations of angular-temporal variations of muon flux are consi-
dered. Obtained sequence of 2D angular matrices (f.e., in zenith projection angles) allows one to search for spatial-
angular changes in muon flux and trace the development and direction of moving of atmospheric disturbances. Ex-
amples of various atmospheric processes are analyzed and possibilities of their early revealing are discussed. 
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1 Introduction 
 
Muon diagnostics is the technique of remote monitoring 
based on simultaneous detection of muon flux from vari-
ous directions of the upper hemisphere for the study of 
different dynamic processes in the atmosphere and mag-
netosphere of the Earth and in heliosphere. The intensity 
of cosmic rays at ground level (mainly muons) varies 
under the impact of atmospheric conditions. Besides of 
these phenomena of a local character, there are global 
reasons of cosmic ray intensity modulations determined 
by geophysical cyclic processes and processes related 
with solar activity. Thus, muon flux variations bring 
information about both atmospheric and extra-
atmospheric processes, and their separate investigation 
demands the development of new experimental ap-
proaches and new data analysis techniques. The main 
goal of muon diagnostics is the solution of the inverse 
task – the study of cosmic ray modulation processes 
using the analysis of spatial and temporal variations of 
muon flux at the Earth’s surface. 

2 Physical principles of muon diag-
nostics 

 
Basic conceptions of the theory of cosmic ray (CR) var-
iations of atmospheric and extra-atmospheric origin were 
developed in the middle of XX century [1–2]. 

 
 
Muon flux at the ground level is strongly related with 
different thermodynamic processes in the Earth’s atmos-
phere at generation level (barometric, temperature effects) 
and with more complex processes in low stratosphere 
(inner gravitational waves of air density, significant den-
sity gradients, etc.) correlated with different turbulent 
and wave processes of geophysical origin, which are 
localized in space and time (see Fig. 1). Wave processes 
at the altitude of muon generation modulate muon flux 
and can be used as a probe of origin and development of 
such phenomena at large distances from the muon detec-
tor. 
 

 
 

Figure 1. Modulation of cosmic ray muon flux in upper 
layers of the atmosphere. 
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The registration of spatial-angular dynamics of muon 
flux gives unique initial data for developing of muon 
diagnostics – a new technique of remote monitoring and 
forecasting of dynamic processes in the heliosphere, the 
magnetosphere and the atmosphere of the Earth based on 
the analysis of variations of ground level muon flux si-
multaneously detected from all directions of the upper 
hemisphere in hodoscopic mode. 

3 Muon hodoscopes 
 
To solve problems of muon diagnostics, the wide-
aperture muon detectors – hodoscopes, which give the 
possibility to simultaneously measure the intensity of 
muons from all directions of upper hemisphere are ne-
cessary. Such detectors must have high angular resolu-
tion of muon track reconstruction (better than 1 degree) 
and large sensitive area to provide necessary statistical 
accuracy of experimental data for all zenith and azimuth 
angular bins (in total about 106 events per hour). At total 
intensity of muon flux on the surface 0.01 cm–2 s-1, the 
area of detector must be not less than 10 m2. 
 
The first wide-aperture muon detector specially intended 
for the study of relations between CR muon flux varia-
tions and different modulation processes was muon ho-
doscope TEMP [3], which consisted of two pairs of lay-
ers with effective area 9 m2. Each layer included 128 
narrow 3 m long scintillation strips with PMT. Angular 
resolution was better than 2º. During 1997 - 2002 exposi-
tion, the analysis of experimental data exhibited the exis-
tence of significant correlations between the active 
processes of atmospheric and extra-atmospheric origin 
and the wave characteristics of spatial and time muon 
flux variations and demonstrated the principal possibility 
of early recognition of such phenomena. 
 
The new hodoscope URAGAN [4] was created on the 
basis of coordinate-tracking detector DECOR which is a 
part of Experimental complex NEVOD. DECOR has a 
modular structure, and its upper part consists of 4 hori-
zontal assemblies-supermodules (SMs) located above the 
water tank. The basic elements are 3.5 m long streamer 
tube chambers with two-coordinate external strip readout 
system. The total area is about 45 m2. 
 
Top SMs of DECOR were re-assembled and equipped 
with new fast read-out electronic system developed spe-
cially to provide the detection of every muon from the 
upper hemisphere (< 80°) in the on-line mode. Each 
supermodule (Fig. 2) represents a wide-aperture muon 
hodoscope with area about 11 m2 and angular resolution 
~ 0.7°.  
 
The track parameters (two projection angles) are on-line 
reconstructed by means of software program, based on 
the technique of histogramming of hits in each projection 
plane, and are accumulated as two-dimensional arrays  
(θ x, θ y) during one minute time interval. Such matrix 
represents the "muon image" of the upper hemisphere 
within the limits of detector acceptance with 1 minute 

exposition. The DAQ system of URAGAN provides the 
simultaneous detection of muon flux by means of several 
(up to four) supermodules thereby significantly increas-
ing the statistical accuracy. 
 

 
Figure 2. Supermodule of muon hodoscope URAGAN. 

4 Trigger and DAQ systems 
 
The triggering and data acquisition systems of the hodos-
cope have a distributed multi-level architecture. The 
modular organization makes it possible to easily change 
the configuration and develop the system with the use of 
additional supermodules. The basic element of the data 
acquisition system of the hodoscope is a specially devel-
oped fast readout card, which provides amplification, 
discrimination, formation, storage of signals and serial 
data transfer from 16 strips. The trigger signal in a plane 
is formed by data acquisition cards at triggering of any X 
channel in this plane. The condition for triggering of the 
supermodule measurement system is the coincidence of 
not less than four trigger signals from different triggered 
planes within 300 ns (in this case, a muon crossing eight 
planes of streamer chambers is identified with 99% effi-
ciency). The average counting rate of one supermodule is 
about 1700 events per second. The readout time from a 
supermodule is determined by the number of triggered 
cards and does not exceed 38 μ s for 99% events. This 
readout speed, taking into account the triggering proba-
bility, makes it possible to detect each muon with a 90% 
probability. The instrumental tools of the measurement 
and trigger systems support the following operation 
modes:  
(1) Measurement of the counting rates of OR signals 
simultaneously from eight planes.  
(2) Testing of the circuits of shift registers and D-triggers 
of readout cards.  
(3) Operation in the cyclic exposure mode according to 
the following algorithm:  

(i) expectation of an event with simultaneous mea-
surement of the "live" time;  
(ii) triggering of an event and interruption in the 
computer;  
(iii) data acquisition from readout cards and their 
transfer through the direct memory access channel 
to the circular buffer of the computer at a rate of 
5 MB/s.  
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5 Matrix method of data analysis 
 
The supermodule response contains information about 
muon track in each of the X- and Y-projections. Two 
projected zenith angles are reconstructed in real time 
mode and are accumulated in 2D-directional matrices 
(zenith and azimuth angles, or pair of projected zenith 
angles); after that information about individual muon 
track is lost. Every minute these matrices are recorded on 
the hard disc. Thus, the main format of muon hodoscope 
URAGAN data is the two-dimensional muon angular 
matrix. To study muon flux variations, for every cell of 
the angular matrix the average number of muons (esti-
mated during preceding 24 hours and corrected for at-
mospheric pressure) is subtracted, and results are divided 
by standard statistical deviations. Obtained data matrix is 
a muon photograph of the upper hemisphere with 1-
minute exposure (Fig. 3). Resolution of such muon im-
ages is determined by sizes of angular cells in URAGAN 
matrix data. To increase statistical accuracy, the sizes of 
cells are chosen as 2°×2° (in two projected zenith angles). 
These cell sizes are three times more than muon track 
reconstruction error in the hodoscope. 

  

 
Figure 3. Transformation of 2D matrix: on the left above 
– measurement data; on the right above – their averaging; 

on the left below – normalization; on the right below – 
filtering (suppression of high frequencies). 

6 Examples of various atmospheric 
processes  

 
Available two-dimensional matrices allow conduct the 
treatment of experimental data by different methods. The 
first of them is direct observation of thunderstorms in 
"muon light". This is very impressive but of a little prac-
tical use method, since in this case thunderstorm can be 
observed by other methods. For earlier recognition of 
thunderstorms at long distances, detection of correspond-
ing wave processes is required. Fig. 4 illustrates some 
possibilities of wave detection by means of wavelet anal-

ysis. More detailed description of thunderstorm analysis 
by means of methods of muon diagnostics is given in this 
conference paper [5]. 
 
Detection of atmospheric fronts (cold and warm) and 
cyclones-anticyclones (low and high atmospheric pres-
sure) allows calibrate this method since there are many 
other methods and technical possibilities to observe such 
large-scale atmospheric phenomena. At that, important 
significance has a good model of various atmospheric 
phenomena description. This problem is considered in 
paper [6] at this conference.  

Conclusion  
 
The use of muon hodoscopes for diagnostics of active 
phenomena in the Earth's atmosphere will give possibili-
ty to observe the inner atmospheric processes at princi-
pally new level, and in future forecast dangerous pheno-
mena of a local character (tornados, sudden powerful 
hurricanes, etc.). 
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Figure 4. Results of wavelet analysis of various events: upper frame – quiet period; middle – warm front; below – 

local thunderstorm. 
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