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Data of neutron monitors have been used to calculate the temporal
changes of the power law rigidity spectrum of the long period variations
of the galactic cosmic ray (GCR) intensity for two positive (4 > 0) and
two negative (A < 0) polarity epochs of solar magnetic cycles (1960
2002). A relationship between the temporal changes of the rigidity spec-
trum of the long period variations of the GCR, intensity and the power spec-
tral density (PSD) of the interplanetary magnetic field (IMF) turbulence
has been found. The soft rigidity spectrum of the long period variations
of the GCR intensity for the maximum epochs and the hard spectrum
for the minimum epochs should be caused by different structure of the
IMF turbulence in the range of the frequencies 107-10~° Hz during the
11-year cycle of solar activity. A noticeable distinction between the tempo-
ral changes of the rigidity spectrum for the A > 0 and the A < 0 polarity
epoch is not found. The temporal changes of the exponent of the rigid-
ity spectrum of the long period variations of the GCR intensity should
be considered as one of the important (new) indexes to study the 11-year
variations of GCR intensity. The new index can be used to determine an
exponent of PSD in the energy range 10~5-10~° Hz of the IMF turbulence.
That region of the IMF turbulence is responsible for the scattering of the
GCR particles of 5-50 GV rigidity to which neutron monitors are sensitive.
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1. Introduction and motivation

Solar activity in general is characterized by numbers of sunspots on the
surface, changing from year to year. The increase and drop of sunspot
numbers (variations in time) is called a cycle. There are observed quasi
periodic changes, among which very powerful one is the periodicities of
9-13 years. These changes are called the 11-year solar cycle, as far the av-
erage periodicity is approximately equal to 11-years. Near sunspot minima
epoch (few sunspots appear or they are not visible at all) the Sun is notably
quiet with respect to the maxima epoch. So, each 1l-year solar activity
(sunspot cycle) lasts from one minimum to another minimum epochs. At
the maximum epochs (roughly) of each 11-year sunspot cycle, the polarity of
the Sun’s global (approximately dipole type) magnetic field reverses so that
the north magnetic pole becomes the south and vice versa. Every 22 years
the magnetic polarity of the Sun is returning to its earlier state. So, there ex-
ists the 22-year solar magnetic cycle with two halves of 11 years period; each
11-year half of the 22-year solar magnetic cycle lasts from one maximum to
another maximum epoch. When the global magnetic field lines are directed
outward from the north hemisphere of the Sun and are directed backward to
south hemisphere, this 11 year period is called the positive (A > 0) magnetic
polarity period, while in vice versa case, it is called the negative (A < 0)
magnetic polarity period of the Sun [1]. An existence of solar wind is the
outstanding phenomenon for the Sun. The solar wind is an extension of the
outer atmosphere of the Sun (the corona) into interplanetary space. The
structure of corona is imposed by the solar magnetic field which extends
from the solar surface out into the corona. Containing roughly equal num-
ber of electrons and protons the corona is an excellent electrical conductor.
As a result of this super conductivity, the coronal plasma can move along
but not across magnetic field lines. The solar magnetic fields embedded in
the solar wind plasma (‘frozen in’) are carried into space by the solar wind to
form the IMF. Because of solar rotation, the point where the open magnetic
field line is anchored to the Sun moves and as a result the IMF has the form
of a spiral [2]. At the orbit of the Earth, one astronomical unit (AU), the
average speed of the solar wind is about 400 km/s and the IMF makes an
angle of about 45 degrees to the sun-earth radial direction. This angle in-
creases up to about 90 degrees to the radial direction and the IMF becomes
nearly transverse. On the background of the relatively regular spiral IMF
the large amplitude waves (Alfen and sound) as well as turbulence of large
spectrum ~1075-107° Hz have been observed in the interplanetary space.
Generally a stochastic part of the IMF magnetic field can be considered as
a Gaussian distribution, so that the power spectrum should be sufficient to
completely characterize the turbulence.
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The vicinity of the space around the Sun, where solar wind with the
IMF dominate, is called the heliosphere. The modern measurements by
space crafts (Voyager 1 and Voyager 2) [3| show that the heliosphere is ex-
tended up to about 100 AU, continuously change the size and shape. The
stochastic (turbulence) IMF is characterized by the large interval of fre-
quency, (~ 1077-10~!' Hz) and consists, in general, of energy, inertial and
dissipation ranges. The frequency range of (~ 1076-107° Hz) of the IMF
turbulence is responsible for the scattering of GCR of the energy 5-50 GeV
to which neutron monitors on the Earth surface respond. Due to propaga-
tion of GCR protons and electrons trough the heliosphere we observe the
different classes of the variations of these particles directly associated with
the similar changes of solar activity and solar wind. One of powerful vari-
ations of GCR intensity is the 11-year variation, which is inversely related
with the similar changes of solar activity [4-5]. In [5] the existence of the
time lag between the changes of the solar activity and the GCR intensity was
found, and it was supposed that the modulation region of GCR should be
large (~ 100 AU). This supposition was confirmed by the spacecrafts mea-
surements [6-7]. In [8] it was found that the time lag between the changes
of the solar activity and the GCR intensity, and the amplitudes of the GCR
modulation significantly vary for different 11-year cycles. In [9] it was sug-
gested that an index which incorporates the number of sunspot groups and
their heliolatitudes could be used to interpret the changes of GCR intensity
during the 11-year cycle (1958-1968). In [10] it was assumed that the major
part of the 11-year variation are the results of the accumulative effects of
the Forbush decreases. In [11] it was noted that the drift effects play a sig-
nificant role in the GCR modulation process, however, other effects could be
equally important. To explain the 11-year modulation of proton intensity a
combination of drift and global merged interaction regions was included in
time-dependent model [12]. A difference in the rigidity dependence of the
11-year modulation of GCR between the positive (A > 0) and the negative
(A < 0) polarity periods of the solar magnetic cycle was found [13]; the rigid-
ity dependence of the diffusion coefficient was flatter for the 11-year decrease
from 1987 to 1990 than for the decrease from 1977 to 1981. So, in this ap-
proaching the effects of the scattering and drift of GCR particles in the IMF
(consisting of the regular and turbulent components) are averaged and tem-
poral changes of the character of the modulation of GCR intensity is ignored.
In [14] it was shown that the overall behavior of GCR modulation by solar
activity is basically similar within the energies to which neutron monitors
respond for four recent solar activity cycles; however, there is a significant
anomaly for the period of 1972-1977 (solar cycle 20). In [15] the features
of the 11-year variations of GCR intensity were studied using the data of
balloons measurements for the relatively low energy range (< 0.5 GeV); it
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is stated that the general properties of the long-period modulation of GCR
intensity observed by the balloons measurement can be described based on
the anisotropic diffusion model with drift. Recently, to explain the 11-year
and 22-year variation of GCR protons, electrons and helium the propagating
diffusion barrier with other general modulation mechanisms were included in
the time-dependent model [16]. In [17-19] it was shown that about 75-80%
of the 11-year variation of GCR can be interpreted based on the diffusion-
convection model of GCR propagation; moreover, according to [18-19] a
change of the character of diffusion of GCR, particles versus solar activity
should be a general reason of the 11-year variation of the GCR intensity. The
solar wind velocity is almost constant in the region of the low heliolatitudes
(< 35°) during the 1l-year cycle of solar activity [20] and, consequently,
the convection of the GCR particles must not change noticeably versus the
solar activity at the Earth orbit. The diffusion coefficient (according to the
quasi linear theory) depends on the GCR particle’s rigidity, and is defined
by the structure of the IMF turbulence. As it is noted in [21-24] the depen-
dence of the diffusion coefficient on the GCR particle’s rigidity is significant
among equally important dependencies of the diffusion coefficient on the
other parameters of the solar activity and solar wind. In [18,19,25] it was
shown that the temporal change of the diffusion coefficient of the GCR par-
ticles is related with the changes of the PSD in the energy range of the IMF
turbulence versus the solar activity. For the diffusion-convection approxima-
0D(R) ( 6D(R)

tion the exponent « of the rigidity R spectrum DR (W x R_V) of the

GCR intensity variations generally is determined by the parameter o [26,27]
showing the character of the dependence of the diffusion coefficient y on the
rigidity R of GCR particles (xy o< R®) [20-23,27|. The parameters o and v
are related as, « = 2 — v (v is the exponent of PSD of the IMF turbulence
(PSD o f7%, where f is the frequency). Based on the experimental data
analyses and theoretical modeling it was shown that an apparent relation-
ship exists between the rigidity spectrum exponent - of the GCR. intensity
variations and the exponent v of the PSD of the IMF turbulence; namely,
v & 2 — 7 [26,27,29]; the temporal changes of the exponent v of the PSD
in the energy range of the IMF turbulence (107%-107%) Hz is clearly man-
ifested in the temporal changes of the rigidity spectrum exponent - of the
GCR intensity variations measured by neutron monitors. Also, it was found
that, in general, the above mentioned relationship between ~ and v is valid
not only for long-period variations but for the Forbush effects of GCR in-
tensity [29,30]. Particularly, the decrease of the exponent v of the rigidity
spectrum of the GCR intensity variations is observed owing to the increase of
the exponent v of the PSD in the energy range of the IMF turbulence (1076
1075) Hz. So, the temporal changes of the rigidity spectrum exponent 7 of



On the New Index of the Long-Period Modulation of the Galactic . .. 2965

the GCR intensity can be considered as a vital index to study the 11-year
variations of the GCR intensity and to estimate the exponent v of the PSD
in the energy range of the IMF turbulence (1075-107°) Hz, as well. Thus,
the rigidity spectrum exponent  of the GCR intensity variations remains as
a very important index in the cases, when the direct (in situ) measurements
of the IMF are absent. A purpose of this paper is to obtain the temporal
changes of the rigidity spectrum exponent v of the GCR intensity variations
using neutron monitors data and find its relationship with the sunspot num-
bers, the exponent v of the PSD of the IMF turbulence, and GCR intensity
for the period of 1960-2002.

2. Experimental data, methods and discussion

We use the thoroughly selected monthly average data of neutron moni-
tors for four ascending and four descending phases of solar activity for the
A > 0 and the A < 0 epoch (1960-2002). A criterion for the data selec-
tion was a continuous functioning of neutron monitors with different cut off
rigidities throughout the period to be analyzed. The magnitudes Jik of the
monthly average variations of the GCR intensity for ‘i’ neutron monitor were
calculated, as: Jf = NON;ON’“; Ny is the running monthly average count rate
(k=1,2,3,..., months) and Nj is the monthly average count rate for the
year of the maximum intensity (in the minimum epoch of solar activity).
The count rate of the maximum intensity is accepted as the 100% level;
the year of maximum intensity is called a reference point (RP). The list of
neutron monitors used for the calculations (denoted by ‘+’) and RP for the
period to be analyzed are brought in Table I.

The magnitudes Jik of the monthly average variations of the GCR, inten-
sity measured by ‘i’ neutron monitor with the geomagnetic cut off rigidity
R; and the average atmospheric depth h; are defined as [31]:

Rm ax

Ji = / <55((RR))>k'Wi(R,hi)de (1)

T

where <61§)((RR))>k is the rigidity spectrum of the GCR intensity variations
for the £ month and W;(R;, h;) is the coupling coefficient for the neutron
component of GCR [31,32] Ryax is the upper limiting rigidity beyond which
the magnitude of the GCR intensity variation is vanished. For the power

type of the rigidity spectrum (%D(—(RR))>I€ = A - R77 one can write:
Rmax
JF = Ab / RW(R, hi)dR, (2)

R;
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where Jf is the observed magnitude at given month k£ and Af is the mag-
nitude of the GCR intensity variations recalculated to the heliosphere. The
values of the A¥ are the same (in the scope of the accuracy of the calcula-
tions) for any ‘i’ neutron monitor when the pairs of the parameters ~; and
Ry« are properly determined.

TABLE 1
Cut off|1960- [1966— [1971- |1977— [1982—- |1988- |1992- |1998-
Stations rigidity 1964 1970 1975 1981 1985 1991 1996 2002
[GV] |RP 1965|RP 1965|RP 1976/ RP 1976|RP 1986|RP 1987|RP 1997|RP 1997

Apatity 0.65 - - - — — — — +
Climax 3.03 + + + + + + + +
Deep River 1.02 + - — + + + — _
Goose Bay 0.52 — + + + + —
Haleakala-
Huancayo 13.4 + + + + + + + +
Hermanus 4.90 - + — + + + — +
Inuvik 0.18 - + + + + + + —
Jungfraujoch 4.48 - — — + _ —_ _ _
Kergulelen Is 1.19 - - + — — — — _
Kiel 2.29 + + + + — + + +
Mc Murdo 0.01 - - - — — — — +
Moscow 2.46 + + + + + + + +
Mt.Norikura 11.39 — — - - + — - _
Mt.Washington| 1.24 - + + — + — + _
Pic-du-Midi 5.36 + + — — — — _
Potchefstroom | 7.30 — — — + + + + +
Rome 6.32 — - - — — - — +
Thilisi 6.91 — - - + + + - _

A similarity of the values of the Af for various neutron monitors is an
essential argument to affirm that the data of the particular neutron monitor
and the method of the calculations of 7, are reliable. To find the temporal
changes of the energy spectrum exponent vy (k =1, 2, 3, ..., months) a min-
imization of the expression ¢ = "' (A¥ — A¥)2 (where A¥ = 15" Ak and
n is the number of neutron monitors) has been provided [24-26]. The values
of the expression || }}; " R Wi (R, h;)dR for the magnitudes of Ryax (from
30 GV up to 200 GV with the step of 10 GV) and 7 (from 0 to 2 with the step
of 0.05) were found based on the method presented in [30,32]. The upper
limiting rigidity Rmax, beyond which the magnitude of the GCR, intensity
variation is vanished, equals 100 GV. This assumption is reasonable for the
11-year variation of the GCR intensity [13]. A minimization of the expres-
sion ¢ for the smoothed monthly means (with the interval of 13 months)
of the magnitudes of the 11-year variation of the GCR intensity has been
provided with respect v to given number of neutron monitors (Table I), and
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the temporal changes of the rigidity spectrum exponent - for all eight pe-
riods (Table I) using the expression (2). The changes of the smoothed semi
annual average magnitudes Jf of the GCR intensity variations of Climax
neutron monitor data normalized with respect maximum intensity of 1965,
the rigidity spectrum exponent ~; and the sunspot number are presented in
Figs. 1(a), 1(b), 1(c) for the whole period of investigation (1960-2002).
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Fig. 1. The temporal changes of the smoothed semi-annual average (with the in-
terval of 1.5 year) magnitudes for the whole period of investigation (1960-2002):
(a) The sunspot number — W, (b) I; of the GCR intensity variations by Cli-
max neutron monitor data (normalized with respect maximum intensity of 1965),
(¢) The rigidity spectrum exponent 7.

Figs. 1(a), 1(b), 1(c) shows that a distinction between the temporal changes
of the rigidity spectrum exponent ~y; for the A >0 and the A <0 polarity
epoch is not recognizable; Jf anti correlates with the sunspot numbers W
and the rigidity spectrum exponent . Correlation coefficients for four as-
cending and four descending periods of solar activity between the pairs:
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sunspot numbers W and GCR intensity J, (W and J); GCR intensity J
and rigidity spectrum exponent v, (J and ), and sunspot numbers W and
rigidity spectrum exponent v, (W and ) are presented in Table II.

TABLE II

Time | 1960- 1966- 1971- 1977- 1982 1988 1992 1998- 1960-

interval 1964 1970 1975 1981 1985 1991 1996 2002 2002
W& T | -0,9740,08 [ -0,9440,14 | -0,66+0,24 | -0,8840,16 | -0,8440,11 | -0,8340,12 | -0,9840,05 | -0,9640,09 | -0,83+0,20
T&y | -0.7140,24 | -0.9040,15 | -0.75£0,23 | -0,9240,13 | -0,9620,09 | -0,93+0,12| -0,9240,13 | -0,98+0,06 | -0,65+0,24
Way | 0844018 0774022 0824020 | 0,9740,07] 0,9040,14 | 0,7540,23] 0,0340,13] 0.9130,14]| 0,81+0,20

Table II shows that the temporal changes of the rigidity spectrum expo-
nent v of long period variations of the GCR intensity show the well estab-
lished 11-year variation to be in good correlation with the similar changes of
the sunspot numbers; there is observed a high inversely correlation between
changes of J and +, and positive correlation between W and 7. According to
our assumption it is related with the temporal changes of the exponent v of
the PSD of the IMF turbulence versus solar activity. So, we assume that for
a magnetic field with a Gaussian distribution the power spectrum is sufficient
to completely characterize the IMF turbulence [2]. To show a relationship
between v and v the yearly average values of the rigidity spectrum exponent
~ and the exponent v of the PSD of the B,, B,, B, components of the IMF
turbulence (in the frequency range of ~ (107-107°) Hz were considered.
The exponent v was found using the IMF experimental data [27] for the
period of 1976-2002. To increase the statistical accuracy smoothed yearly
means (with the interval of 3 years) of the rigidity spectrum exponent v and
the exponent v of the PSD of the B, component of the IMF have been used.
Components By and B, of the IMF turbulence (perpendicular to the radial
direction) insert the crucial contribution to the scattering of GCR particles
in the heliosphere, although their roles are not equal at all. The power of
the By component is significantly greater than the power of B, component.
According to the observed character of the relationship between + and v the
considered period 1976-2002 could be divided into two different intervals,
1976-1989 and 1990-2002. The changes of the smoothed yearly values of the
rigidity spectrum exponent 7 (dashed) and v (solid) of the PSD of the B,
component of the IMF turbulence for the period of 1976-2002 are presented
in Figs. 2(a), 2(b).

Fig. 2(a) shows a high anti-correlation between v and v (correlation
coefficient r equals —0.80 + 0.20) for the period of 1976-1989, while a cor-
relation between v and ~ is basically absent (correlation coefficient r equals
—0.42+0.31) for the period of 1990-2002 (Fig. 2(b)). We assume that either
we do not fully understand global changes in the heliosphere since 1990-1991
up to 2002 / or the IMF with an ordinary Gaussian distribution alter into
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Fig. 2. The smoothed yearly values of the rigidity spectrum exponent v (dashed )
of the GCR intensity variations and v (solid) of the PSD of the B, component of
the IMF turbulence for the period of 1976-1989 (a), and 1990-2002 (b).

e.g. well expressed lognormal distribution with the intermittence [33], and
the power spectrum is not sufficient to completely characterize the IMF tur-
bulence. Generally, a high correlation between v and v demonstrates that
the IMF turbulence is quite isotropic (for example in 1976-1989); indeed,
besides, in situ data of the IMF correspond to the local changes of the IMF,
v correlates well with the rigidity spectrum exponent - of the GCR. intensity
variations reflecting the integral property of the large vicinity of the space.
So, we do not exclude that the IMF turbulence becomes more anisotropic
since 1990 up to 2002 and in situ local measurements of the IMF could not
correspond to the changes in the large vicinity of space where the observed
variation of GCR intensity is formed. A detail study for the periods when
the correlation coefficients are relatively less and change in the scope of
0.61 <r < 0.8 is in the progress.

3. Summary

1. We show that the soft rigidity spectrum (v ~ 1.2-1.4) of the GCR in-
tensity variations for the maximum epoch and the hard spectrum (y =~
0.6-0.7) for the minimum epoch of solar activity [25-27,29] is the uni-
versal feature based on the calculations of neutron monitors data. This
phenomenon is observed owing to the essential rearrangement of the
structure in the energy range (107%-107°) Hz of the IMF turbulence
throughout the 11-year cycle of solar activity. This region of the IMF
turbulence is responsible for the scattering of the GCR particles with
the energy of 5-50 GeV to which neutron monitors respond.
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2. The rigidity spectrum exponent - of the long period variations of the
GCR intensity variations should be considered as a new (vital) index
to study the 11-year variations of GCR intensity. This index can be
successfully used for the estimation of the state of the IMF turbulence
in the energy range (1075-107%) Hz. Therefore, data of GCR inten-
sity variations are unique in the case of the IMF data absence. The
exponent y of the GCR intensity variations, and corresponding v of
the PSD of the IMF turbulence, can be found for the short arbitrary
time interval determined by the accuracy of the GCR intensity data
good enough for the calculation of the rigidity spectrum exponent .
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