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Abstract. Muons in the atmosphere are formed during
the decay of pions resulting from nuclear interactions of
cosmic rays with nuclei of air atoms. The resulting muons
are also unstable particles with a short lifetime. Therefore,
not all of them reach the level of observation in the atmos-
phere. When the atmospheric temperature changes, the
distance to the observation level changes too, thus leading
to variations in the intensity of muons of temperature
origin. These variations, caused by atmospheric tempera-
ture variations, are superimposed on continuous observa-
tions of muon telescopes. Their exclusion is, therefore,
extremely necessary, especially in the data from modern
muon telescopes whose statistical accuracy is very high.

The contribution of various atmospheric layers to the total
temperature effect is not the same for muons. This contri-
bution is characterized by the distribution of the density of
temperature coefficients for muons in the atmosphere. Us-
ing this distribution and the continuous intensity observa-
tions from the muon telescope in Novosibirsk, the inverse
problem has been solved, from the solution of which the
atmospheric temperature variations over a long period
from 2004 to 2011 have been found. The results obtained
are compared with aerological sounding data.

Keywords: cosmic rays, muons, temperature, at-
mosphere.

INTRODUCTION

In recent years, the number of muon telescopes for
cosmic ray (CR) observation has gone on increasing
[Osipenko et al., 2015]. This is due to a variety of their
advantages as compared to neutron monitors [Yanchu-
kovskiy, 2010]. There is, however, a deterrent as well —
the presence of the temperature effect of muons in the
atmosphere. Its correct consideration in continuous ob-
servations made with muon telescopes requires us to
know the distribution of temperature coefficient density
for atmospheric muons and the atmospheric temperature
profile at a given time. The distribution has been found
from calculations [Kuzmin, 1964; Dorman, Yanke, 1971;
Dmitrieva et al., 2009; Kuzmenko, Yanchukovsky, 2017]
and evaluated using continuous long-term observations
[Yanchukovsky, Kuzmenko, 2018]. The results allow us
to consider the temperature effect in data from muon tele-
scopes as shown in [Osipenko et al., 2015]. The main
difficulty in the correct consideration of the temperature
effect arises from the quality of aerological data. The
aerological sounding is made twice a day and not at the
telescope site — a sounder may be up to hundreds of
kilometers or more away. Sounders often do not make
full measurements because they do not reach desired
heights, thus the measurements have gaps. Data is there-
fore often obtained from interpolation and extrapolation.
Measurements of the muon intensity with the telescopes
are made at a high statistical accuracy and resolution of 1
hr, in most cases 1 min (with some telescopes, 1 s). Con-
sequently, a question arises as to how to consider the
temperature effect in observations of muon telescopes
without aerological data.

TIME VARIATIONS OF COSMIC
RAY MUON INTENSITY

Variations in the intensity of different CR compo-

nents, detected by the channel k at hy in the atmosphere
at the site C with geomagnetic cutoff rigidity R, are
composed of intensity variations in the primary CR flux

%(R,t), of magnetospheric and atmospheric origin

[Dorman, 1975]
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Here, W\(R, ho) is the coupling coefficient of k according
to the definition [Dorman, 1975]; Bk(h) is the barometric
coefficient of k; w(hy, h) is the temperature coefficient
density function, AT(h, t) is the atmospheric temperature
variations with time and height. The atmospheric compo-
nent of the intensity variations includes barometric and
temperature effects (the third and fourth terms of the ex-
pression).

In case of simultaneous observations of several CR
components in different energy ranges, the observed
variations are disaggregated using a spectrographic
method [Dvornikov et al., 1979], adapted for CR multi-
channel detection at one site [Yanchukovsky et al.,
2011]. We can also employ statistical methods, repre-
senting Expression (1) as a multivariate regression
equation [Yanchukovsky, Kuzmenko, 2018]. Thus, the
multichannel recording of different CR components at
one site allows us to also identify the temperature com-
ponent of muon intensity variations by solving (1). This
was first shown in [Yanchukovsky et al., 2011]. At a
given temperature variation of the muon intensity
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Al .

I—k(T, t), we can solve the inverse problem — deter-
k

mine temperature variations at various isobars in the

atmosphere from the system of equations

Al, "
0= [ w (M)AT (h, t)dh. 2
k 0

In this way, variations in 11 isobars over a long pe-
riod have been found and compared with aerological
data [Yanchukovsky et al., 2015]. The integral in Ex-
pression (2) was replaced by the sum, and w(h) was
tabulated as temperature coefficients. The temperature
coefficients of intensity in use were derived from exper-
imental data for particular isobars. Note that a further
increase in the number of isobars, which requires de-
termining temperature variations, is limited by the num-
ber of muon recording channels in this case.

DISTRIBUTION

OF TEMPERATURE COEFFICIENT
DENSITY FOR ATMOSPHERIC
MUONS

To take into account the temperature effect in data
from muon telescopes and when solving the inverse prob-
lem, it is desirable to use the experimentally obtained
distribution of temperature coefficient density since it
corresponds to a particular device and is free of various
approximations specific to theoretical methods. Yanchu-
kovsky, Kuzmenko [2018] have found the distributions of
muon intensity temperature coefficient density recorded
at different zenith angles, using different multivariate
analysis methods. Table 1 lists distributions of tempera-
ture coefficient density for muons recorded without a lead
shield (O.1.) and with a lead screen at zenith angles of 0°,
30°, 40°, 50°, 60°, 67°, and 71°, found as an average ob-
tained by the PLS -2 method (KERNEL algorithm) and
the correlation and regression analysis.

Using data from Table 1, we have approximated the
w(h) distributions with the polynomial. The approxima-
tion was carried out using the least squares method
(LSM). Figure 1 shows the obtained distributions of
w(h) for channels of vertical recording of muons (0° to
the zenith) without a lead shield (a) and with a lead
shield providing a muon cutoff energy of 0.56 GeV (b),
and under zenith angles of 30° (¢) and 40° (d).

In a similar way, we approximated temperature coef-
ficient density distributions for muons recorded at zen-
ith angles of 50°, 60°, 67°, and 71°. The results are pre-
sented in Figure 2.

For all directions of muon detection (under different
zenith angles) the density distribution of temperature
coefficients shown in Figures 1, 2 is best described by
the function that is the sixth degree polynomial

w(h) = a, +a,h +a,h” +a;h® + @)
+a,h* +a;h® +azh®.

The approximation function parameters, polynomial
coefficients ay, a, ..., a5 found by LSM are presented in
Table 2.
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Figure 1. Approximation of temperature coefficient densi-
ty distributions for muons detected vertically (0° to zenith)
without a lead shield (a) and with a lead shield, which pro-
vides a muon cutoff energy of 0.56 GeV (b), and at zenith
angles of 30° (c) and 40° (d). Curve 1 is the polynomial of
degree 3; curve 2, the polynomial of degree 4; curve 3, the
polynomial of degree 5; curve 4, the polynomial of degree 6

VERTICAL DISTRIBUTION OF
ATMOSPHERIC TEMPERATURE

We have used aerological data obtained from Jan-
uary 1, 2004 to November 7, 2018 (10849 launches)
[https://ruc.noaa.gov/raobs]. Table 3 lists average tem-
peratures at different isobaric levels of the atmosphere
obtained for the entire period for different seasons, and
also shows the number of measurements in use.
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Table 1
Muon intensity temperature coefficient density in the atmosphere w(h)
h, bar O.l. 0° 30° 40° 50° 60° 67° 71°
0.05 -0.313 | -0.412 | -0.415 | -0.387 | —0.445 | -0.469 | -0.703 | —0.479
0.1 —0.489 | -0.629 | -0.632 | -0.540 | -0.762 | -0.639 | -0.879 | —0.598
0.15 -0.425 | -0.613 | -0.613 | -0.531 | -0.760 | —-0.630 | -0.726 | —0.494
0.2 -0.416 | -0.545 | -0.546 | -0.518 | -0.728 | -0.579 | -0.671 | —0.457
0.25 —0.300 | -0.351 | -0.332 | -0.422 | -0.426 | -0.400 | -0.619 | -0.421
0.3 -0.189 | -0.228 | -0.251 | -0.250 | -0.295 | -0.304 | -0.319 | -0.217
0.4 -0.178 | -0.191 | -0.203 | -0.230 | -0.231 | -0.245 | -0.180 | -0.122
0.5 -0.134 | -0.186 | -0.191 | -0.204 | -0.216 | -0.234 | -0.108 | —0.073
0.7 -0.159 | -0.215 | -0.205 | -0.199 | -0.243 | -0.175 | -0.102 | -0.070
0.85 -0.172 | -0.227 | -0.239 | -0.220 | -0.294 | -0.231 | -0.139 | —0.095
0.925 —0.205 | -0.245 | -0.272 | -0.268 | —-0.301 | -0.280 | —-0.184 | -0.153
Here, w(h) is in %/(deg. bar).
Table 2
Parameters of approximation function of temperature coefficient density distributions for muons
recorded at different zenith angles 0
0 ag a, a asz as as de
O.l. | -0.0363247 —9.256169 | 67.184662 | —196.71242 | 283.05153 | —199.37579 54.90318
0° | —0.0001308 | —13.86269 | 102.53497 | —304.70426 | 442.38944 | —313.35752 86.74166
30° | 0.00461710 | —14.17922 | 106.82805 | —326.53205 | 490.75341 | —361.18261 | 104.0522
40° | —0.0425815 | —10.35925 70.729137 | —195.81495 | 265.18775 | —173.95738 43.86181
50° | 0.19893443 | —20.59934 | 147.67809 | -439.1849 | 648.04104 | —471.58344 | 135.2362
60° | 0.06428264 | —16.01382 | 121.3395 —384.67404 | 607.13936 | —470.57117 | 142.5278
67° | —0.0998818 | —16.44955 | 120.34995 | -350.7992 | 508.00637 | —364.5099 | 103.3406
71° | —0.0627640 | —11.25749 81.84462 | —236.3424 | 337.35257 | —237.10135 65.35399
Table 3
Average atmospheric temperatures (in °C) in isobars for different seasons
T, °C Number of measurements n
h, bar Winter | Spring | Summer | Fall Year | Winter | Spring | Summer | Fall Year
0.01 -46.25 | -43.08 | -38.32 | -47.50 | -43.79 228 886 1266 750 3130
0.02 -53.54 | -51.66 | -45.25 | -54.70 | -51.29 838 1665 1921 1497 5921
0.03 -58.47 | -54.67 | -48.61 | -57.68 | -54.86 1289 1851 2057 1805 7002
0.05 -61.95 | -56.30 | -50.81 | -58.80 | -56.96 1830 2113 2246 2113 8302
0.07 -62.45 | -56.43 | -51.42 | -58.11 | -57.10 2086 2248 2341 2255 8930
0.1 -61.73 | -55.65 | -50.90 | -57.13 | -56.35 2237 2394 2425 2346 9402
0.15 -60.86 | -54.47 | -49.05 | -56.15 | -55.13 2318 2473 2500 2428 9719
0.2 -62.15 | -56.30 | -50.41 | -57.32 | -56.54 2387 2529 2556 2482 9954
0.25 -61.29 | -55.99 | -49.68 | -55.89 | -55.71 2426 2571 2585 2526 | 10108
0.3 -56.47 | -50.85 | -42.53 | -50.00 | —49.96 2470 2600 2606 2569 | 10245
0.4 -44.27 | -37.59 | -27.21 | -36.17 | -36.31 2506 2626 2631 2595 | 10358
0.5 -33.59 | -26.33 | -15.41 | -24.86 | -25.05 2526 2647 2649 2614 | 10436
0.7 -18.65 | -10.71 0.54 -9.58 | -9.60 2541 2672 2699 2636 | 10548
0.85 -13.01 | -2.58 10.31 -2.39 | -1.92 2549 2684 2714 2645 | 10592
0.925 | -12.91 1.33 15.75 0.81 1.24 2549 2684 2715 2646 | 10594

Here: winter — December—February; spring — March—May; summer — June—August; fall — September—November.
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The vertical atmospheric temperature distributions ob-
tained from these data over Novosibirsk (annual average
and for summer and winter seasons) are shown in Figure 3.

The atmospheric temperatures for spring and autumn
seasons are close to annual average ones (curve 1). The
approximation of the average atmospheric temperature
distribution is illustrated in Figure 4.

Curves 2-4, which represent the polynomials of de-
gree 4-6, virtually coincide. The distribution of average
seasonal temperature variations AT(h) as a function of
atmospheric depth h is shown in Figure 5.
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Figure 2. Approximation of temperature coefficient densi-
ty distributions for muons recorded at zenith angles of 50° (a),
60° (b), 67° (c), and 71° (d). Curve 1 is the polynomial of
degree 3; curve 2, the polynomial of degree 4; curve 3, the
polynomial of degree 5; curve 4, the polynomial of degree 6

A B o e B B e e s B e e

——1 20

PN T S T N S T T A

0 0.1 0.2 0.3 0.4 05 0.6 0.7 0.8 0.9
h, bar

Figure 3. Vertical distribution of atmospheric temperature:
Annual average — curve 1; for summer — curve 2; for winter —
curve 3
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Figure 4. Approximation of annual average atmospheric
temperature distribution: polynomial of degree 3 (curve 1),
polynomial of degree 4 (curve 2), polynomial of degree 5
(curve 3), and polynomial of degree 6 (curve 4)

Figure 5. Vertical distribution of atmospheric tempera-
ture variations: dots indicate experimental data; the solid line
is the approximation of the dependence by the sixth degree
polynomial
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Table 4
Parameters of approximation function for distribution of observed temperature variations
(averages) from the depth of the atmosphere
bo bl b2 b3 b4 b5 bG
6.638635 | —14.810158 | 65.654888 | —28.445272 | —129.468102 | 158.636595 | —42.541395

The experimental dependence AT(h) is approximated
using LSM. The sixth degree polynomial best satisfies
all the experimental values

AT (h) =b, +bh+b,h? +b,h® +b,h* +b.h° +b,h°.  (4)

Approximation function parameters, polynomial coeffi-
cients by, by, ..., bg are presented in Table 4.

DETERMINING TIME
VARIATIONS IN THE
ATMOSPHERIC TEMPERATURE
FROM DATA ON MUON INTENSI-
TY VARIATIONS

Using (2), set wx(h) and AT(h, t) functionally with
polynomials (3) and (4), whose product also yields a
polynomial. Then, integral (2) is transformed into the
sum of integrals in which the integrand represents a
power function. As a result, the system of k integral
equations can easily be transformed into a system of k
linear equations of the form

Al
T(T, t) = Coicby (1) + €y (1) + ¢ 0, (1) + 5)
+Cgi 05 (t) + €y b, (1) + €5 b5 (1) + € 5 (1),

where Co, Cik ..., Cq k are the constant coefficients spe-
cific to k, which can be found as

1 1 1
Cox = aOKthEaikh2 +§a2kh3 +Za3kh4 +
1 1 1
+ga4kh5 +ga5kh6 +?a6kh7,

1
Clk:E

1 1 1
ag h? +§a1kh3 +Za2kh4 +ga3kh5 +
1 1 1
"‘Ea4kh6 +735kh7 +§aekh81
1 1 1 1
Cpp =§a0kh3 +Za1kh4 +ga2kh5 +ga,3kh6 +

+%a4kh7 +%a.5kh8 +éa6kh9,

1 1 1 1
Ca :ZaOkh4 +ga1kh5 +€a2kh6 +7a3kh7 +

+%a4kh8 +%a5kh9 +%a6kh1°,

Car :%aOKhE’ +%a1kh6 +%a2kh7 +%a3kh8 +

1 1 1
+§a4kh9 +Ea5khlo +ﬁa6kh11'

1 1 1 1
CSk :gaokhe +7aikh7 +§a2kh8 +§a3khg +

1 1 1
+Ea4kh10 +ﬁa5khll+EaGkh12,
Cox = 1aOkh7 +3a1kh8 +1a2kh9 +ia3khl° +

7 8 9 10

1 11 1 12 1 13 (6)

+1—1a4kh +Ea5kh +Easkh .
Here ag; asy, ..., ag are the coefficients listed in Table 2,
h=0.95 bar. The constants Cq, C1, ..., Cex SPecific to each
of the k telescope channels and found according to (6)
are presented in Table 5.

The vertical distribution of atmospheric temperature
variations for a moment t is described by a polynomial
with the coefficients by(t), bi(t), ... bs(t), which are de-
termined by solving system of k linear algebraic equa-
tions (SLAE) (5). For “good” SLAE, i.e. described by a
squared well-conditioned matrix A, there is an only so-
lution, which can easily be found numerically, for ex-
ample by the Gauss method. During processing of ex-
perimental data, the matrix A is, however, not squared
(in case of an inconsistent, overdetermined system) or
ill-conditioned (errors in matrix coefficients and left
sides — experimental data as well as rounding errors).

As a result, if there is noise, SLAE with a rectangu-
lar matrix have no solution. It is therefore common
practice to search for pseudosolution, not for exact solu-
tion (because it does not exist). In this case, the solution
of SLAE is replaced by the problem of finding a global

Table 5
Parameters Cg, Ci, --- Cex, telescope channels

0 Co Cq1 Cy C3 Cy Cs Ce
O.l. | -0.21181 -0.08269 | —0.04933 | -0.03491 | —0.02703 —0.021559 | —0.017915

0° | -0.273062 | -0.10648 | —0.063587 | —0.045123 | —0.034777 | —-0.027648 | —0.022751
30° | -0.276809 | —0.10887 | —0.065543 | —0.04667 | —0.03614 -0.028973 | —0.023917
40° | -0.271589 | -0.108562 | —0.064627 | —0.045702 | —0.035035 | -0.028119 | —0.023239
50° | —0.327214 | -0.129324 | -0.077364 | —0.055101 | —0.042372 | —0.033943 | —0.028067
60° | —0.2918065 | —0.112311 | -0.065629 | —0.045944 | —0.0351678 | —0.028196 | —0.0233705
67° | —0.286174 | —-0.084089 | —0.042739 | —0.028655 | —0.021608 | —0.017559 | —0.014566
71° | —0.19585 —-0.058676 | —0.030347 | -0.020796 | —0.015917 | —-0.012999 | —0.0109328
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(total for the entire system) minimum of the residual
function f(x)=|Ax-b|. Since this minimized rate depends
on the sum of squared components of the vector, the
search for pseudosolution is an implementation of LSM
[Kalitkin, 1978]. This yields a system of normal equa-
tions, which in the matrix form is

8oo 8g1 Bgp Bog Bos 8os s ||by, (1) |d, (t)
Qo 8y 8y, By3 Ay A5 8y ||y ()| (dy (1)
By 1 8y By3 8y Bps Ags (|0, (1) |d, (1)
g By By By 8y, Byg g (|3 ()| = |5 (1) )
840 8yg 8yp By 8y g5 8ys b4 ® d4 (®
850 851 85, 853 85y g5 856 b5 (t) d5 (t)
850 A1 8g g3 A5y Ags g b6 (t) d6 (t)

or AB(t)=D(t). The coefficients of the matrix A reflect-
ing characteristics of channels of muon intensity detec-
tion are found as follows:

n n
2
Ay = ZCOk’ Ay =, = Zcokclk’
k=1 k=1
n n
Ay =y = Zcokczk’ Ayz =8y = Zcokcsk’
k=1 k=1
n n
8gq =8y = Zcokc4k’ Qg5 =859 = ZCOkCE,k,
k=1 k=1
n n 2
Qg =gy = Zcokcﬁk' a, = zclk'
k=1 k=1
n n
a, =ay = ZCu(Czkv Q3 =8y = chkcak’
k=1 k=1
n n
A, =8y = Zc1kc4kv A =85 = chkcsk'
k=1 k=1
n n 2
Qg =g = chkcek’ ay = ZCZkv
k=1 k=1
n n
Ay =283 = ZCZkC3k! Ay =y = zczkc4k’
k=1 k=1
n n
A =8, = zczkcsk' Ay =35, = ZCchek!
k=1 k=1
n 2 n
83 = ZCSk’ Ay =83 = Zc3kc4k1
k=1 k=1
n n
Qs =855 = ZCSkCSk' Qg =83 = ZCS.kCGk'
k=1 k=1
n 2 n
8y = ZCAK’ 8y =85 = ZCAKCSk’
k=1 k=1
n n 2
Q5 =8y = Zczmcek’ 855 = chw
k=1 k=1
n n B
Asg = g5 = ZCSkCGk’ Qg5 = ZCGk' (8)
k=1 k=1

Absolute terms D are

dy(t) = Zn:COka (), d, (1) =iclk‘]k ®),
4,0 =3y dy (1), dy (1) = 35, 1),
k=1 k=1

4,0 = Cud (0, da () = 30 3, 1),
k=1 k=1

de(t) = Zceka (t) (9)
k=1
Al, N
Here Jk(t)=|—(t) are the observed muon intensity

k
variations in k channels.
By solving (7), find the unknown parameters by(t),

ba(t), ., bs(t).

RESULTS

We have used hourly continuous observations of
muon intensity [http://cosm-rays.ipgg.sbras.ru] made
with the matrix muon telescope [Yanchukovsky, 2006]
in Novosibirsk in 2004—2011. The muon intensity data
for each of the zenith angles was integrated over all az-
imuth directions. Thus, information was obtained about
intensity variations for eight channels: muons recorded
without a lead shield (O.1.) and with a lead shield at
zenith angles of 0°, 30°, 40°, 50°, 60°, 67°, and 71°. To
isolate the temperature component of the muon intensity
variations, raw data was corrected for the barometric
effect and the temperature effect, caused by surface
(variable-density layer) temperature variations, and the
variations attributed to primary CR flux variations were
also taken into account [Yanchukovsky, Kuzmenko,
2018]. Since with increasing zenith angle the statistics
decreases, measurements in the channels are unequal.
To ensure the transition to the system of equilibrium
equations, the data was smoothed using a moving aver-
age, where the step and order of smoothing were select-
ed based on the distribution of statistical weights of
channels. From the solution of (7), we determined un-
known bg(t),bs(1), ..., bs(t). Then we found temperature
variations in isobars

AT (h, t) = by (t) + b, (t)h +Db, ()h? +
+b, ()h? +b, ()h* + b, ()h® + Db, ()h°.

The results thus obtained are shown in Figure 6. The at-
mospheric temperature variations in isobars found from
the data on muon intensity variations are shown by the
solid line. Dots mark direct measurements — aerological
sounding data from the weather station Bugrinskaya
Roshcha (Novosibirsk). The weather station is located at
about 35-40 km from a CR station. Sounders were
launched twice a day. On the left are isobars representing
the temperature measurements; on the right is the average
temperature in the isobar. The scale of temperature varia-
tions is the same for all the isobars (top). At the top are
variations of the weight average (average by weight) at-
mospheric temperature (WAT) for the entire period

AT, :Zn:ATiAhi /Zn:Ahi :

i=1 i=1

(10)

(11)
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Here AT, is the layer temperature variations (isobars) i,
Ah; is the mass of this layer.

The results are in satisfactory agreement with the di-
rect measurements for all seasons. Slightly worse
agreement is observed for the winter period. This is at-
tributed, on the one hand, to the fact that the tempera-
ture variations on the isobars are found as deviations
from annual average vertical temperature distribution,
which almost coincides with the vertical distribution of
the average temperature for spring and fall (this reduces
computational errors). On the other hand, the worst
agreement between the results for the winter period is
due to the low quality of aerological sounding data
when the sharply increasing number of gaps in meas-
urements is statistically significant. The presented direct
measurements (aerological sounding data) for these pe-
riods are often the result of extrapolation. Further im-
provement of the method requires a more careful ap-
proach to the formation of the sample (length and quali-
ty of direct measurements) and to the evaluation of tem-
perature coefficient density distribution for atmospheric
muons (weight function).
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Figure 6. Atmospheric temperature variations at different
isobaric levels: calculation result (solid line), aerological
sounding data (dots)

CONCLUSION
Thus, continuous observations of CR intensity varia-
tions made at CR stations equipped with muon tele-

scopes will provide information about vertical atmos-
pheric temperature distribution in real time. The accura-
cy of this information will depend on the number of
channels of muon detection at different zenith angles.
For a more accurate description of the vertical atmos-
pheric temperature distribution we should use the sixth
degree polynomial, which will require at least seven
directions of muon detection at different zenith angles.
If there are only five channels of muon detection, the
problem is solved but with the fourth degree polynomi-
al. The result will, however, be rougher.

The work is based on data from the Unique Research
Facility URF-85 “Russian National Network of Cosmic-
Ray Stations”.

This work was performed with budgetary funding of
Basic Research program No. 0331-2019-0013 "Mani-
festation of processes of the deep geodynamics in geo-
spheres as derived from monitoring of the geomagnetic
field, ionosphere, and cosmic rays".

REFERENCES

Dmitrieva A.N., Kokoulin R.P., Petruhin A.A., Timashov
D.A. Temperature coefficients for muons under different zen-
ith angles. Izvestiys RAN. Ser. fizicheskaya [Bull. of the Rus-
sian Academy of Sciences. Physics]. 2009, vol. 73, no. 3, pp.
371-374. (In Russian).

Dorman L.I. Eksperimentalnye i teoreticheskie osnovy as-
trofiziki kosmicheskikh luchei [Experimental and Theoretical
Foundations of Astrophysics of Cosmic Rays]. Moscow, Nau-
ka Publ., 1975, 462 p. (In Russian).

Dorman L.I., Yanke V.G. On theory of meteorological ef-
fects of cosmic rays. lzvestiya AN SSSR. Ser. fizicheskaya
[Bull. of the Academy of Sciences of USSR. Physics]. 1971,
vol. 35, no. 12, pp. 2556-2570. (In Russian).

Dvornikov V.M., Krest’yannikov Yu.Ya, Matyukhin
Yu.G., Sergeev A.V. Informativeness of the spectrographic
method. Issledovaniya po geomagnetizmu, aeronomii i fizike
Solntsa [Research on Geomagnetism, Aeronomy, and Physics
of the Sun]. 1979, iss. 49, pp. 115-123. (In Russian).

Kalitkin N.N. Chislennye metody [Numerical Methods].
Moscow, Nauka Publ., 1978. 512 p. (In Russian).

Kuzmenko V.S., Yanchukovsky V.L. Distribution of tem-
perature coefficient density for muons in the atmosphere. So-
lar-Terr. Phys. 2017, vol. 3, iss. 4, pp. 93-102. DOI:
10.12737/stp-34201710.

Kuz’min A.L Variatsii kosmicheskikh luchey vysokikh en-
ergii [Variations of High Energy Cosmic Rays] Moscow:
Nauka Publ., 1964, 125 p. (In Russian).

Osipenko A.S., Abunina A.A., Berkova M.D., Barbashina
N.S., Grigoryev V.G., Starodubtsev S.A., et al. Analyzing the
temperature effect of high mountain cosmic ray detectors us-
ing the database of the global network of muon telescopes.
Bull. of the Russian Academy of Sciences. Physics. 2015, vol.
79, no. 5, pp. 662—-666. DOI: 10.3103/S1062873815050317.

Yanchukovsky V.L. Teleskop kosmicheskikh luchei [Cos-
mic ray telescope]. Solar-Terr. Phys. Novosibirsk: Nauka,
2006, iss. 9, pp. 41-43.

Yanchukovsky V.L. Multichannel observational complex
of cosmic rays. Solar-Terr. Phys. 2010, iss. 16, pp. 107-109.
(In Russian).

Yanchukovsky V.L., Kuz’'menko V.S., Antsyz E.N. Results
of cosmic ray monitoring with a multichannel complex. Geo-
magnetism and Aeronomy. 2011, vol. 51, no. 7, pp. 893-896.

Yanchukovsky V.L., Kuzmenko V. Atmospheric effects of
the cosmic-ray mu-meson component. Solar-Terr. Phys. 2018,

114


https://doi.org/10.12737/szf-34201710
https://doi.org/10.3103/S1062873815050317

V.L. Yanchukovskiy

vol. 4, iss. 3, pp. 76-82. DOI: 10.12737/stp-43201810.

Yanchukovsky V.L., Syunyakov S.A., Kuzmenko V.S.
Variations in temperature at different isobaric levels of the
atmosphere, according to data cosmic rays. Bull. of the Rus-
sian Academy of Sciences. Physics. 2015, vol. 79, no. 5, pp.
668-670. DOI: 10.3103/S1062873815050445.

URL: https://ruc.noaa.gov/raobs (accessed 20 March
2019).

URL: http://cosm-rays.ipgg.sbras.ru (accessed 20 March
2019).

How to cite this article

Yanchukovskiy V.L. Muon intensity variations and atmospheric
temperature. Solar-Terrestrial Physics. 2020. Vol. 6. Iss 1. P. 108
115. DOI: 10.12737/stp-61202013.

115


https://doi.org/10.12737/szf-43201810
https://doi.org/10.3103/S1062873815050445
https://ruc.noaa.gov/raobs
http://cosm-rays.ipgg.sbras.ru/
https://doi.org/10.12737/stp-61202013

