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Abstract. Muon diagnostics is a new direction in the development of the global environment observation system based on the analysis of 
variations of the penetrating component of cosmic rays. The approach is based on the simultaneous detection of muon fluxes from all 
directions of the upper hemisphere (hodoscopic mode). It allows to get an overall picture of the processes in the upper troposphere, as well 
as to follow the dynamics of their changes, in particular, to identify disturbed areas, to determine the direction and the speed of their 
movement, and to estimate the time of their appearance in a given point. The method is sensitive to large-scale atmospheric processes, as 
well as to the rapidly changing local phenomena and, in addition, allows to explore the characteristics of wave processes, generated by 
strong turbulent events, including potentially dangerous (storms, squalls, tornadoes, hurricanes, etc.). Method of muon diagnostics has been 
implemented with the wide aperture muon hodoscope (MH) URAGAN with a high spatial and angular accuracy, which was constructed 
in MEPhl. In the paper, a short description of MH URAGAN is given and the results of investigation of various atmospheric processes are 
discussed

1. INTRODUCTION

The Earth's atmosphere is an open system, in which the 
basic processes are regulated by the activity of the Sun. Also, 
the atmosphere is irradiated by cosmic rays (of solar, galactic 
and extragalactic origin) which are the main source of 
ionization in air. The changes of global climate, the growth 
of the number of atmospheric phenomena of a catastrophic 
character stimulate the development of systems for early 
observation of meteorological hazards. This is a problem not 
only for the atmosphere, but also for the near-terrestrial 
space, since existing satellite monitoring system for space 
weather does not carry out remote scan and is located either 
at the Lagrange point (ACE, SOHO) [1,2], or at certain low- 
Earth orbit (GOES) [3], Primary cosmic rays are a constant 
source of penetrating radiation that reach the Earth's surface, 
and contain information about the state of near-Earth space 
and the Earth's atmosphere.

Along with the integral modulation of muon flux at the 
Earth's surface - the barometric and temperature effects - 
there are more sophisticated modulation mechanisms of 
ground level muon flux associated with the proliferation of 
various waves in the upper atmosphere, which are generated 
during the fonnation of cells of tuibulence - future hurricanes 
and tornadoes.

Creating a global network of neutron monitors, the 
fonnation of the world's data centers [4] made it possible to 
analyze variations of cosmic rays simultaneously recorded in 
different parts of the globe. Important infonnation also can be 
obtained from measurements of variations of muon flux of 
cosmic rays by muon telescopes. However, variations of cosmic 
rays of geophysical origin are considered as an undesirable 
factor which should, if possible, be excluded from the physical 
analysis. A new type of detectors is large area muon hodoscopes 
able to simultaneously detect muon fluxes from any direction of 
the entire celestial hemisphere in real tune mode. Creating of 
large area precise muon hodoscope URAGAN [5,6] was the 
basis for the development of the muon diagnostics - a new 
method of remote monitoring based on the simultaneous 
registration of the muon flux from all directions in order to study 
dynamic processes in the near-terrestrial space and the Earth's 
atmosphere.

The physical principle of the muon diagnostics of the 
atmosphere consists in a close connection of various 
atmospheric phenomena with processes of generation and 
propagation of muons in the atmosphere [7, 8],

2. MUON HODOSCOPES

Practical realization of the muon diagnostics requires a 
new type of detectors - muon hodoscopes, which should 
provide real-time simultaneous registration of muon fluxes 
from all directions in the frame of the aperture (up to 80 ° in 
zenith angle), have a high angular accuracy (<1 °) and a large 
area (> 10 m2) to provide the required statistical accuracy of 
the data in all angular directions. Unlike muon telescopes 
which detect particles that come in some solid angle at a 
certain zenith angle, muon hodoscopes reconstruct tracks of 
every registered muon in real-time. Therefore, its aperture is 
continuous within all directions of the upper hemisphere. 
This makes it possible to study angular variations of the 
muon flux from all available directions. The first in the world 
large area muon hodoscope URAGAN [6, 7] is currently 
operating at the National Research Nuclear University 
MEPhI in Moscow (55.7° N, 37.7° E, 173 m a.s.l.). It is a 
coordinate-tracking detector, which detects muon flux at the 
Earth’s surface in a wide range of zenith angles (0-80°) with 
a high angular resolution (~1°) and is able to study the 
variations of the angular distribution of the muon flux caused 
by atmospheric and extra-atmospheric processes and 
detected in real time-mode. The range of the detection 
threshold energies is 0.2 to 0.6 GeV. URAGAN consists of 
four independent supennodules (SM). Each SM (Figure 1) 
represents an assembly of eight layers of streamer tube 
chambers consisting of discharge tubes with size 9x9x3500 
mm3 enclosed in one plastic container with 16 pieces in each. 
Every layer contains 320 tubes with an external two- 
coordinate X-Y strip readout system. The sensitive area of 
the one SM is ~10.5 m2.

Figure 1. The nuion hodoscope URAGAN. In the foreground one o f  the 
supermodules is seen. On the left and behind, the other three SM  can be 
seen.
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Exposure process is divided into equal one-minute 
intervals within which monitoring of detection channels (2 s) 
and the actual detection (~58 s) are carried out. Thereby, total 
operational “live” time is the sum of actual detection time 
fractions of all one-minute intervals of measurement 
exposition except intervals of traffic of one-minute frame 
data. The fraction of events with reconstructed tracks is ~ 91 
% of the total intensity of 1700-1900 triggers per second. 
Synchronization of all SMs operation is provided by 
GLONASS /GPS [9],

3. DATA FORMAT

The angular distributions of the tracks detected during 1 
minute intervals are stored in three types of binary arrays- 
matrices with dimensions 91*91 cells: by zenith and azimuth 
angles, Ma=[0i,cpj], by projection angles, Mpa=[0Xi, 0Yj] 
and tangents of projection angles Mtg=[tg0Xi,tg0Yj]. The 
sequence of such matrices gives unique possibility to study 
the temporal changing of muon angular distributions. 
Depending on the analysis to be performed, matrices can be 
collected in different time intervals At. For the study the 
dynamics of rapidly developing atmospheric processes that 
cause variations in the intensity of muons, five-minute 
matrices are analyzed.

As a quantitative characteristics of the muon flux 
angular variations in a real-time, a vector of local anisotropy 
A is used. A is the sum of the unit vectors of particle tracks, 
normalized by the total number of tracks [9], Starting from 
the angular distribution matrices Ma, the projections (AS, 
AE, AZ) and the length A of the anisotropy vector A are 
calculated as [9]:
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where AX and AY are projections of the vector A in the 
laboratory coordinate system, AS is the projection on the 
North-South axis and AE is the projection on the West-East 
axis; AZ is the vertical component; q>0 = 34.726° is the 
azimuth angle between the local and geographic coordinate 
systems; 0, cp are zenith and azimuth angles at the middles of 
the cells o f the matrix Ma; N is the total number of events in 
the analyzed range of angles (0 = (F-75°, cp = 0 *  360°);
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corrected for atmospheric pressure matrix Ma. Additional 
real-time information is the difference between the current

anisotropy vector A and its mean value calculated from 
the previously accumulated data. The relative anisotropy 

vector can be defined: N . The horizontal

F — \ l  T F ”
projection of this vector: h v s E indicates the side 
shift of the angular distribution of the muon flux.

4. MUONOGRAPH

Muonograph is a graphical representation of the matrix 
of variations of the angular distribution of the counting rate 
over the last 5 minutes (current matrix) with respect to the 
normalization matrix the preceding 24 hours in statistical 
error units [9], Data from SMs are used to form different 
types of muonographs: non-smoothed, smoothed with a 
Gaussian filter, corrected to the shape of the angular 
distribution (a bell shape), and in the East-North coordinate 
system. If the current and normalization angular distributions 
are approximated using a function in the fonn Ccos“0<7Q and 
(C, a) and (Gy, ay) coefficients are obtained, respectively, 
the shape of the nonnalization distribution can then be 
matched to the shape of the current distribution. The bell 
shape is corrected in order to improve image resolution when 
there are relatively high variations in the current and 
normalization counting rates.

SM1.3,4 Start 23-10-2013 06:20:00.000, P-1013.075 mbar 
SM1.3.4 Stop; 23-10-2013 06:25:00.000

M(tgOy,tg0x)

5=-0 .51%  +6<J

5 minut URAGAN corrected data/)

Figure 2. An example o f  a smoothed 5-minute matrix o f  changes o f  the 
angular distribution o fthe detected particleflux in terms ofstatistical errors. 
Down: without correction on the shape o f  the angular distribution; right: 
with correction.

For formation of a muonograph. five-minute series of 
matrices A/tg are used. To apply a "muon snapshot" to the local 
map, from the point of the detector location in directions 
corresponding to cells of the angular matrix, straight lines, are 
drawn and the points of intersection of these lines with the 
level o f generation of muons (16 km) are detennined. After 
that, the points of intersection are projected onto the surface of
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the Earth. Thus, the position of the angular cell on the map is 
a projection of the spatial region in which muons were 
generated and detected in this cell.

An example of such an image is shown in Figure 2, 
where one of the images represents 5-minute matrix without 
correction on the shape of the angular distribution, and the 
other with correction. The figure displays: §, a change in the 
counting rate in %; r, value rh5m; q> -  the azimuth direction of 
the vector r5m in degrees (0 -  direction to the South, 90° -  
direction to the East). Top left, inside of the small circle with 
radii, 2 and 3 (in units of c  tat(rh5m)), the length and direction 
of the horizontal projection of the vctor r5m are displayed.

5. MONITORING OF VARIOUS ATMOSPHERIC
PROCESSES

For comparison and correlation analysis of 
characteristics o f muon flux variations at Earth's surface with 
various large-scale and local meteorological processes in the 
area of muon hodoscope location, the weather history was 
used, which was formed on the basis o f weather data from 
several independent sources of information available at the 
various internet sites and the results o f the processing of 
synoptic maps and satellite images.

6. MONITORING OF LARGE SCALE BARIC
FORMATIONS PASSING OVER MOSCOW

Large baric formation, such as cyclones and 
anticyclones, are convenient atmospheric phenomena to 
explore the possibilities of URAGAN hodoscope to 
implement the monitoring of the atmosphere over the 
Moscow region. To find regularities which connect angular 
variations of muon flux and parameters of cyclones and 
anticyclones movement, the anisotropy vector projcctions. ls 
and He are used.

With arriving of large baric formation, the flux of muons 
is changed and therefore the vector of anisotropy is changed, 
too: on the arrival of an anticyclone, the length of the vector 
of local anisotropy decreases and with the arrival of the 
cyclone increases. However, at considering of projections it 
is needed to take into account the direction of muon flux 
arrival. Figure 3 shows the projections of Hs and H e for 
anticyclone (a) and the cyclone (b), which came from the 
same direction (from the West).

The behavior of the average values of the projections is 
shown by broken lines. When anticyclone is coming, the 
projection of anisotropy vector in the eastern direction H e 
increases due to the fact that the flux of muons from the 
western direction is reduced; therefore, the anisotropy vector 
deviates in the opposite (east) direction. When cyclone is 
coming, the opposite process occurs. At the same time, the 
projection to the southern directionHs does not change (only 
visible diurnal variation), since in this direction muon flux is 
not changed.

Figure 4 shows the comparison of the periods of 
passages of large-scale atmospheric processes over the 
location of the URAGAN hodoscope and of variations of 
muon flux registered in July 2009. The year 2009 was chosen 
because of low solar activity, corresponding to the solar 
cycle minimum. Periods of the passage of baric formations 
(cyclones and anticyclones) over the Moscow region were 
selected. List of cyclones and anticyclones was based on the 
analysis of synoptic maps.

In the figured blue areas shaded with line correspond to 
the periods of cyclones, red areas, shaded crosswise, to 
anticyclones. The pressure and muon counting rate series are 
also given. The graphs clearly show that when a cyclone

arrives the muon counting rate increases due to the pressure 
decreasing. When a cyclone starts to go away, the pressure 
starts to increase and the counting rate of the muons falls. 
With the passage o f the anticyclone, there is a inverse 
process: firstly the counting rate falls due to rising pressure, 
and when the anticyclone leaves, the pressure falls, and the 
rate of muon registration increases.
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Figure 3. Variations o f  the projections o f  the local anisotropy vector 
As(black curve) andAE (red curve) during the passage o f  the anticyclone (a) 
and cyclone (b) from  the West to the East (marked by blue vertical lines). 
Broken lines indicate the behavior o f  observed average value.

Figure 4. Variations o f  the muon f lu x  (red line) and behavior o f  the 
atmospheric pressure (black line) during the passage o f  baric formation, 
July 2009. Blue areas: periods ofthe passage o f  cyclones. Red areas: periods 
o f  the passage o f  anticy clones.

7. MONITORING OF ATMOSPHERIC FRONTS
PASSING OVER THE MOSCOW

Atmospheric fronts represent adjacent air masses 
separated by a relatively narrow transition zones, strongly 
inclined to the Earth's surface. In cold fronts, air masses flow 
like a wedge under the warm air, forcing it traverse up along 
the separating surface.

In this case, cold air undergoes friction on the Earth's 
surface, and its lower layers are behind the upper, which leads 
to the steepening of the front surface. When warm front 
comes, it moves above of a wedge of cold front and goes up 
along this wedge, adiabatically cooled during this movement.

On the basis o f data obtained with the muon hodoscope 
URAGAN, the correlations of parameters of the integral 
muon flux and anisotropy of the angular distribution of the 
muon flux during the passage of fronts over the Moscow
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region in the period 2010 - 2011 were studied. The list of 
atmospheric fronts was formed on the basis of analysis of 
synoptic maps. In Figures 5 - 8 ,  the correlations between 
temperature and atmospheric pressure and characteristics of 
registered muon flux variations during the passage of cold 
and warm fronts are presented.

From the analysis o f the distributions it follows that the 
muon counting rate anti-correlates well with pressure and 
temperature in the case of cold and warm fronts. Parameter 
A (the magnitude of the anisotropy vector) anti-correlates 
with pressure and has a good correlation with temperature in 
the case of cold fronts. For the warm fronts the dependence

Figure 5. The dependence o f the integral counting rate o f  M H  URAGAN on atmospheric pressure during the passage offronts over the Moscow region. 
Left: cold fronts; right: warm.
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Figure 6. The dependence o f  the length o f  the vector o f  anisotropy o f  muon flu x  detected by M H  URAGAN on atmospheric pressure during the passage 
o f  fronts over the Moscow region. Left: cold fronts; right: warm.
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Figure 7. The dependence o f  the integral counting rate o f  M H  URAGAN on surface temperature during the passage offronts over the Moscow region. 
Left: coldfronts; right: warm.
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Figure 8. The dependence o f  the length o f  the vector o f  anisotropy o f muon flu x  detected by M H  URAGAN on surface temperature during the passage 
o f  fronts over the Moscow region. Left: coldfronts; right: warm.
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8. MONITORING OF THUNDERSTORMS

The study of rapidly changing non-stationary processes 
of a local origin in the atmosphere, in particular the powerful 
thunderstorms, are a very important task of muon 
diagnostics. The earlier performed analysis of URAGAN 
data obtained during observation of thunderstorms passing 
over Moscow in summers 2009 and 2010 indicated 
promising perspectives of application of cosmic ray muons 
as a tool for monitoring and forecasting of atmospheric

Figure 9. Maps o f  radiolocation observations using Doppler weather radars (on the left) and muonographs (on the right) at moments 22:30 
and 23:00 UTCfor the thunderstorm occurred on May 29, 2015.

Radio locator determines the radio beam reflectivity 
from various hvdrometeors (droplets, snowflakes, etc.). 
According to the arrival time and intensity of returned 
radiation, various meteorological parameters which are then 
used in the synoptic practice are calculated. Instrumental 
range of radio beam is 250 km, maximum detection height is 
20 km. Zenith angle range is from 0.1° to 86°. Operating 
frequency range of DMRL-C is from 5.6 to 5.65 GHz. 
Locator performs cyclical monitoring with a period of 10 
minutes in a 24-hour automated mode and provides data with 
high spatial resolution (0.5 - 1 km) on the area of 200 
thousand sq. km. The information obtained with a locator is 
in the form of 3D maps of radiolocation observations (maps 
of events). For the analysis, information collected by 
DMRL-C Doppler weather radars at M oscow’s Vnukovo 
and Sheremetyevo airports was used.

Analysis of storm phenomena according to URAGAN 
and DMRL-C data includes several basic steps:

1. analysis of the situation in the heliosphere and 
magnetosphere;

2. study of the meteorological situation;
3. visual comparison of meteorological maps and 

muonographs;
4. study of muon flux integral characteristics;
5. study of temporal characteristics of muon flux 

relative anisotropy;
6. study of muon flux azimuthal distributions, 

including in geographical directions.

The analysis of the DMRL-C Doppler weather radar 
data and additional meteorological sources for the period 
2014-2015 allowed to select 71 thunderstorm events 
detected in the Moscow region. Rejection of disturbances 
caused by the solar activity in the interplanetary and 
terrestrial magnetic fields, reduced the number of 
thunderstorms for the physical analysis to 47 [12], These 
events were classified according to their meteorological 
parameters: atmospheric fronts (wann, cold, occluded, no 
front); types of thunderstorm cells (single- and multi-cell); 
intensity of precipitation; velocity of air mass motion; 
altitudes of the tropopause and the upper boundary of 
cloudiness. For each thunderstorm event, maps of

phenomena [10], The useful opportunity to test of the 
approaches based on muon diagnostics appeared in 
connection with the development in Russia of the technology 
of application of Doppler radar for the meteorological 
purposes. Spatial and angular parameters of the muon flux 
detected by the URAGAN muon hodoscope during 
thunderstorms in Moscow area in 2014 and 2015 were 
analyzed together with data of the DMRL-C Doppler 
weather radar (Russian Federal Service for 
Hydrometeorology and Enviromnental Monitoring) [11],

radiolocation observations and muonographs were visually 
compared, and the behavior of the characteristics of muon 
flux and different meteorological parameters were estimated.

Figure 9 shows maps of observations made with the 
DMRL-C Doppler weather radars and muonographs of the 
event that occurred on May 29, 2015, (22:30-23:10). This 
thunderstorm was classified as single-cell against the 
background of a w ann atmospheric front. Maps are 
presented for two moments in time: approaching of the 
thunderstonn to the location point o f the hodoscope (22:30) 
and the passage of the thunderstonn over the hodoscope 
(23:00). Areas that conesponds to the thunderstonn (on the 
left) and to the area of deficit of muon flux (on the right), are 
heavily shaded in the maps. The figure shows that when 
thunderstonn came and passed over, a prior reduction of the 
muon flux was observed, which can be explained by the 
movement of the area of high pressure ("pressure nose") 
before the stonn.

29.05.2015

Figure 10. Time dependence o f  parameters rh/arh and Arh/arh on May 29, 
2015.

Figure 10 shows variations in parameters nJaA a n d Jn /o *  
during the day of May 29, 2015. In addition to the 
thunderstonn shown in Figure 9, there were two other 
thunderstonn events onM ay 29,2015, at 00:20 and 12:40 (the 
periods are marked by vertical lines). From the figures, sharp 
variations in the anisotropy parameters of the muon flux 
during thunderstonns are clearly seen. The maximum value of
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rh/ffA is 8.8 for the thunderstorm occurring at 00:20-00:40; for 
the thunderstorm occurred at 12:40-17:40, riJffih =11.8; and 
for the thunderstorm occurred at 22:30-23:10, rh/o* = 13.4. 
The rate of anisotropy variation for these events is Jn/Orh > 5.

The parameters of the muon flux anisotropy (r;7, rs, rE) 
are more sensitive to atmospheric disturbances which 
generally allow the identification of thunderstorm with an 
efficiency of about 70%. If thunderstorm is accompanied by 
warm and cold fronts, its identification efficiency is more 
than 80%. During the passage of thunderstorm over the 
URAGAN, it can be identified using not only rh but also the 
rate of its variation (Arh) which efficiency is about 85%.

Finally, the efficiency of thunderstorm phenomena 
registration with the MH URAGAN was estimated using the 
variations in the characteristics of the muon flux with 
different meteorological parameters for all 47 selected 
thunderstorms
With anisotropy parameters rh, r s, and rE, the hodoscope 
URAGAN provides identification of thunderstorm events 
occurring in its vicinity with an efficiency of ~70%. If a 
thunderstorm event is accompanied by warm and cold fronts, 
the average efficiency becomes greater than 80%. When a 
thunderstorm is passed above the URAGAN muon 
hodoscope, it is possible to use the rate of its variation Arh in 
addition to projection rh to identify the event, that make it 
possible to raise the efficiency of detection to ~85%. The 
comparison of the muon flux parameters and the velocity of 
air mass motion shows that anisotropy appears more 
frequently at high velocities than at low velocities. Muon 
flux anisotropy is observed at tropopause altitudes higher 
than 10.5 km and cloudiness upper boundaries of more than 
9.5 km. This is in good agreement with the altitude of muon 
generation in the atmosphere (from 10 to 20 km). 

CONCLUSION

The use of cosmic ray muons as the penetrating 
radiation, and muon hodoscopes as peculiar tool to make 
"muon snapshots" of the atmosphere and near-terrestrial 
space, gives a unique possibility to locate disturbed areas and 
to trace the dynamics of their development and direction of 
movement. The analysis o f data obtained with the muon 
hodoscope URAGAN at detection of various atmospheric 
processes demonstrated its ability to reveal active 
atmospheric phenomena on the basis of the analysis of 
variations of various characteristics of muon flux (integral 
counting rate, zenith-angular anisotropy, wave parameters). 
Variations in the characteristics of the muon flux, 
represented by 5-minute data, are mainly due to the 
atmospheric causes. Cyclones (anticyclones) cause clear 
identifying reaction in a flux of cosmic-ray muons in the 
integral intensity as well as in the zenith-azimuthal 
distribution. The influence of atmospheric fronts has a more

complex character, and the analysis of variations of muon 
flux related with atmospheric fronts requires taking into 
account additional meteorological information. However, to 
obtain quantitative evaluations concerning large scale 
atmospheric processes, each case of passing of the pressure 
atmospheric formation over the Moscow region should be 
carefully studied with the involvement of additional 
meteorological information.
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