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INTRODUCTION

The investigation of the heliosphere, i.e., the area of
solar activity, is among the main research fields of mod-
ern astrophysics. A remarkable feature of solar activity
is its cyclic character, i.e., the quasi-periodical appear-
ance and development of active areas. The most spec-
tacular example of the solar cycle is the variations in the
number of sunspots (SS) 

 

R

 

i

 

 with an average period of
about 11 years [1] (Fig. 1). A good example for the
influence of solar activity on processes in the helio-
sphere is the modulation of galactic cosmic rays (GCR)
by solar wind: near the Earth, the intensity of GCR may
decrease by an order of magnitude, anticorrelating with
solar activity (which can be seen from the results of
prolonged sounding in the stratosphere [2], Fig. 1). It is
reasonable to expect that the boundary of GCR modu-
lation corresponds to the dynamic boundary between
solar wind and interstellar gas. Its position can be esti-
mated from the gradient of GCR intensity in the helio-
sphere. In order to separate the galactic components of
cosmic rays from the solar ones, spacecrafts for the
measurement of their intensity were mainly launched in
the years of the minimum solar activity, when the level
of GCR intensity in the heliosphere was the highest.
The results always suggested low, ~2–4%/AU, gradi-
ents of GCR with energies 

 

E

 

 

 

≥

 

 100

 

 MeV, which implied
a tremendous size (>100 AU) of the modulation area
[3], assuming that the modulating properties of the

heliosphere are practically independent of the distance
from the Sun. Indeed, owing to the superposition of
temporal and spatial GCR variations, the measurements
of their intensity, by the Pioneer 10, Voyager 1, and
Voyager 2 spacecrafts in remote parts of the helio-
sphere (~20–50 AU), gave low gradients even in the
years of maximum solar activity [4]. Moreover, mea-
surements in the inner heliosphere (

 

≤

 

5

 

 AU) were con-
ducted near the ecliptic plane and did not provide reli-
able evidence for the existence of latitudinal gradients
in GCR intensity. A new important step in the investi-
gation of the heliosphere was related to the launch in
October 1990 of the 

 

Ulysses

 

 spacecraft into a polar
orbit. It was found [5] that the radial gradients of pro-
tons with 

 

E

 

 > 2 GeV became at least several times
higher by increasing solar activity in the inner helio-
sphere. In contrast, latitudinal gradients appeared to be
considerable in the years of the minimum of solar cycle
22 and decreased practically to zero in the southern lat-
itudes with the development of cycle 23 in 1998–2001,
when the heliocentric distance of the 

 

Ulysses

 

 decreased
from 3 to 1.5 AU [5, 6]. Are these regularities transient
or general? The answer to this question has a bearing on
the character of the distribution and variations of GCR
in the heliosphere, in particular, with respect to the
properties and size of the modulation area. Nowadays,
the necessary information on the character of these pro-
cesses in the three-dimensional heliosphere over four
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Abstract

 

—Cosmogenic radionuclides with distinctive half-lives from chondritic falls were used as natural
detectors of galactic cosmic rays (GCR). A unique series of uniform data was obtained for variations in the inte-
gral gradients of GCR with a rigidity of 

 

R

 

 > 0.5 GV in 1955–2000 on heliocentric distances of 1.5–3.3 AU and
heliographic latitudes between 

 

23° S

 

 and 

 

16° N

 

. Correlation analysis was performed for the variations in GCR
gradients and variations in solar activity (number of sunspots, SS, and intensity of the green coronal line, GCL),
the intensity of the interplanetary magnetic field (IMF), and the inclination of the heliospheric current sheet
(HCS). Distribution and variations of GCR were analyzed in 11-year solar cycles and during a change in
22-year magnetic cycles. The detected dependencies of GCR gradients on the intensity of IMF and HCS incli-
nation provided insight into the differences in the processes of structural transformation of IMF during changes
between various phases of solar and magnetic cycles. The investigated relationships lead to the conclusion that
a change of secular solar cycles occurred during solar cycle 20; moreover, there is probably still an increase in
the 600-year solar cycle, which can be among the major reasons for the observed global warming.
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solar cycles can be obtained only from meteorite
studies.

WHAT DOES THEORY SUGGEST?

The standard models of modulation by solar wind
assume that the flux of cosmic rays undergoes transport
processes of diffusion through turbulent magnetic
fields, convection processes owing to sweeping by
magnetic fields frozen in the solar wind, and adiabatic
cooling due to volume expansion of the solar wind with
increasing distance from the Sun [7, 8]. A magnetic
field, 

 

B

 

, is usually specified as a sum of regular and ran-
dom components; the former being responsible for the
movement of particles along the field and the latter
resulting in the resonance scattering of particles by tur-
bulent elements, if the scale of turbulence is close to the
Larmor radius of particles, 

 

ρ

 

 = 

 

R

 

/300

 

B

 

. Although tur-
bulent magnetic fields in the heliosphere scatter parti-
cles with a rigidity of up to several tens of GV, the reg-
ular magnetic field is sufficiently strong to provide
anisotropic diffusion: particles diffuse more readily
along the field than across it, i.e., 

 

ε

 

 = 

 

κ

 

⊥

 

/

 

κ

 

||

 

 

 

�

 

 1

 

, where

 

κ

 

||

 

 and 

 

κ

 

⊥

 

 are the diffusion coefficients along and across
the field, respectively. The following equation of aniso-
tropic diffusion describes the distribution of the density
of charged particles (

 

n

 

) with rigidity 

 

R

 

 [8]:
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where 

 

u

 

 is the velocity of the solar wind, and 

 

κ

 

ik

 

 are the
components of the generalized tensor of anisotropic
diffusion in the form
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, and 

 

Λ

 

 is the transport path of the particles.
The first term of Eq. (1) describes the diffusion of par-
ticles; the second term describes convection, and the
third term describes adiabatic effects. Tensor (2) is
given in the coordinate system with the 

 

0

 

x

 

 axis along
the magnetic field and the 

 

0

 

y

 

 axis along the rotation
axis of the Sun, and the (

 

x

 

0

 

z

 

) plane is the ecliptic. The
diagonal components of the tensor describe the diffu-
sion along and across the field. If the intensity of the reg-
ular magnetic field 

 

B

 

0

 

 = 0, 

 

α

 

1

 

 = 1,

 

 and 

 

α

 

2

 

 = 0, then

 

(3)

 

i.e., the diffusion becomes isotropic and 

 

κ

 

0

 

 is the scalar
coefficient of isotropic diffusion in the absence of a reg-
ular magnetic field. The off-diagonal antisymmetrical
components 

 

±α

 

2

 

 in Eq. (2) depend on the direction of
the magnetic field and describe the Hall effect or drift
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 Temporal variations in (a) the number of sunspots, 
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i

 

 [1], and (b) the intensity of GCR with 

 

R

 

 > 0.5 GV in the stratosphere, 

 

I

 

, [2].
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of particles, the velocity of which may be comparable
with that of solar wind. The direction of the drift
depends on the polarity of the total solar magnetic field
(TSMF) and the charge of the particles [9]. Since each
~11 yr near the maximum of solar activity, the polarity
of TSMF changes, particles with charges of the same
sign drift in opposite directions during the positive
phase of a 22-year magnetic cycle (denoted as 

 

A

 

 > 0),
when the magnetic-field lines of TSMF emanate from
the northern polar area, and for the negative phase of a
magnetic cycle (

 

A

 

 < 0), when the field lines of TSMF
enter into the northern polar area. When 

 

A

 

 < 0, the vec-
tors of the magnetic moment and angular velocity of the
Sun are opposite in direction, and positively charged
particles drift along the HCS toward the Sun and from
the equator to the poles of the heliosphere increasing
the radial and decreasing the latitudinal gradients of
GCR. When 

 

A

 

 > 0 the directions of these vectors coin-
cide, and the opposite drift occurs from the poles to the
equator and along the HCS away from the Sun, which
decreases the radial gradients and increases the latitudi-
nal gradients of GCR in heliosphere. Negatively
charged particles drift in opposite directions. Thus,
owing to the drift of protons in the heliosphere, their
intensity must be higher in the positive phase of a mag-
netic cycle compared with the negative phase, which is
observed in modern solar cycles [10].

The size of the modulation area depends on the solar-
wind velocity, and, if it changes between the minimum
and the maximum of solar activity, the size of the modu-
lation area is also variable. The magnitude of GCR gra-
dients in the heliosphere is directly connected to the
problem of the upper boundary of the modulation area
(

 

r

 

0). Indeed, the depth of modulation (ϕ) and the radial
gradient (Gr) of GCR are defined in standard models as

(4)

Consequently, the observed depth of modulation, ϕ, in
the large modulating volume requires small GCR gra-
dients, whereas large gradients may correspond to a
small modulation area.

Given the considerable complexity of electromag-
netic and magnetohydrodynamic conditions in the
heliosphere, the most promising approach is to use
numerical methods for the solution of equations of
anisotropic diffusion and a database on the observed
influence of solar activity on the model parameters. In
particular, the steady-state solution to Eq. (1) account-
ing for the real heliolatitudinal distribution of solar
activity and its variations with time derived from the
data on GCR intensity [11] gives rise to the following
important results [12–14]. The density of GCR
increases with increasing heliolatitude, and the depth of

n R( ) n0 R( ) ϕ–( ) ϕ;exp
u
κ
--- ξ;d

r

r0

∫= =

and Gr
1
n
---∆n

∆r
------- u

κ
---.= =

modulation decreases with increasing the distance from
the Sun and increasing particle rigidity. This suggests
that the modulation area is not spherical and there are
considerable latitudinal gradients in GCR. The latitudi-
nal gradients Gθ have different signs: they are negative
and Gθ is from –3 to –5%/AU at latitudes of about ±10°
(θ is measured from the helioequator) and positive at
higher latitudes: at a distance of ~1 AU from the Sun
they have maximum values of about 40–60%/AU in the
range θ = ±(10–25)° depending on the rigidity of parti-
cles. Figure 2a shows variations in latitudinal gradients
for particles with the energy E ~ 1 GeV. It can be seen
that Gθ increases up to 60%/AU at a maximum, and the
area of Gθ occurrence reduces in the meridian plane to
heliolatitudes of ±40° with maximum values within the
θ range ±(10–25)°. Under such conditions, the radial
gradients, Gr, are dependent on heliocentric distances.
As can be seen in Fig. 2b, the maximum Gr values are
observed at distances of ~2 AU, and up to ~85% of GCR
intensity is restored to its level at a low-energy solar
wind within ~3 AU from the Sun.

The data obtained suggest nonuniformity in the
modulating properties of the heliosphere at various
heliocentric distances and various heliographic lati-
tudes. This allows us to introduce the concept of the
area of effective GCR modulation as the zone of the
maximum GCR gradient [15]. The gradient decreases
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Fig. 2. (a) Heliolatitudinal variations in the lateral gradients
Gθ and (b) spatial variations in the radial gradients Gr of
GCR with energies E ~ 1 GeV (θ is measured relative to the
helioequator) [14].
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to zero outside this area both toward and away from the
Sun. Such an area corresponds to the zone of efficient
deceleration of heterogeneous high-velocity solar-
wind plasma. Therefore, its spatial position, shape,
and size change depending on the level, phase, and
character of solar activity [16], which was detected by
modeling [8].

WHAT DOES THE EXPERIMENT SHOW?

Extensive investigations have accumulated, over
many years, considerable experimental data on the
measurement of GCR intensity in the solar system.
These data include the results of neutron monitor stud-
ies, stratospheric measurements, concentrations of cos-
mogenic radionuclides in fallen meteorites, and direct
measurements in interplanetary space. Various methods
supplement each other and show some specific fea-
tures, which provides an opportunity to explore cyclic
changes in the intensity of GCR and their modulation
by the Sun over more than four solar cycles. Neutron
monitors record variations in high-energy GCR in near-
Earth space, whereas episodic but more and more fre-
quent spacecraft flights allow detection and investiga-
tion of an anomalous soft component of cosmic rays
and spatial variations of GCR, although the superposi-
tion of spatial and temporal effects is inevitable. The
long-term stratospheric measurements of ionizing radi-
ation were launched in 1957 in Murmansk and Mirnyi
[2, 17] and has provided a unique array of uniform data
on the intensity of the primary component of GCR with
the rigidity R > 0.5 GV in northern and southern lati-

tudes during the past half century. The availability of
these data enabled the development of a quantitative
method for the analysis of the radioactivity of cos-
mogenic nuclides in meteorites in order to gain infor-
mation on the intensity of GCR along meteorite orbits
during various years of solar activity.

The use of meteorites with different inclinations and
lengths of orbits as sounds for the determination of cos-
mic-ray variations in the heliosphere was proposed and
developed in [15, 18]. Indeed, cosmogenic radionu-
clides with various half-lives, T1/2, formed in meteorites
are natural detectors of cosmic rays along meteorite
orbits during ~1.5T1/2 before the meteorite fall. Measur-
ing the activity of a radionuclide at the moment of a
meteorite fall provides insight into the average intensity
of cosmic rays, Ir, for the average heliocentric distance
of the meteorite, r, over a time period of ~1.5T1/2. A
comparison of Ir with the measured average intensity at
1 AU, I1, for the same period (according to stratospheric
data [2, 17]) allows estimation of radial gradients, Gr,
using the equation (%/AU)

Gr(R > R0) = (Ir/I1 – 1)/(r – 1) × 100%, (5)

where R is the rigidity of particles in GV. Owing to the
ablation of stony meteorites (chondrites) in the Earth’s
atmosphere, layers with an average shielding of ≥10 cm
are accessible for radionuclide measurement, which
corresponds to a particle rigidity of R ≥ 0.5 GV. By
investigating radionuclides with different T1/2 in chon-
drites with different fall dates, lengths, and inclinations
of orbits, a continuous data array can be obtained on the
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Fig. 3. Distribution and variations of the radial gradients of GCR with R ≥ 0.5 GV, Gr, in the heliosphere in 1955–2000 derived from

the data on the radioactivity of 54Mn (circles), 22Na (triangles), and 26Al (dashed horizontal lines at 20–30%/AU) in 33 chondrites
fallen to the Earth in 1959–2000. The curve was obtained by the double smoothing of experimental points using a first-order poly-
nomial through five points [22].
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distribution and variations of GCR with R ≥ 0.5 GV in
the three-dimensional heliosphere. The most conve-
nient isotopes for these purposes are 54Mn (T1/2 = 300 d),
22Na (T1/2 = 2.6 yr), and 26Al (T1/2 = 7.4 × 105 yr) bearing
information on the average intensity of GCR along the
chondrite orbits during ~450 d, ~4 yr, and ~1 Myr,
respectively, before the meteorite falls to Earth. This
smoothes to a considerable extent both the temporal
and spatial GCR variations along the meteorite orbits
revealing the most important relationships.

Figure 3 presents the obtained data on the radial gra-
dients of GCR with R > 0.5 GV along the orbits of the
following chondrites (dates of the fall to Earth and aph-
elion, q', in AU are shown in parentheses): Pribram
(7.04.59, 4.05), Bruderheim (4.03.60, 4.06), Harleton
(30.05.61, 1.90), Peace River (31.03.63, 2.04), St. Sev-
erin (27.06.66, 1.97), Denver (15.07.67, 2.10), Lost
City (3.01.70, 2.35), Malakal (15.08.70, ≥4), Kabo
(25.04.71, 2.60), Guibga (26.02.72, 2.10), Gorlovka
(17.07.74, ~1.9), Dhajala (28.01.76, 2.25), Jilin
(8.03.76, 2.17), Innisfree (5.02.77, 2.76), Kutais
(28.11.77, 1.98), Gujargaon (4.09.82, ≤1.9), Wethers-
field (8.11.82, 2.37), Tomiya (22.08.84, 2.09), Binnin-
gup (30.09.84, 1.81), Kokubunji (29.07.86, 1.93), Treb-
bin (1.03.88, 1.97), Torino (18.05.88, 2.18), Tahara
(26.03.91, 1.92), Noblesville (31.08.91, 1.92), Mbale
(14.08.92, 2.51), Peekskill (9.10.92, 2.10), Mihonoseki
(10.12.92, 1.95), Coleman (20.10.94, 3.12), Fermo
(25.09.96, 1.97), El Hammami (10.08.97, ≥4), Kunya-
Urgench (20.06.98, ~4), Hassilabyade (15.06.99, 1.90),
and Moravka (6.05.00, 1.95) [15, 19–21]. The curve in
Fig. 3 was obtained by the double smoothing of exper-
imental points using a first-order polynomial for five
points [22]. The meteorite database for the distribution
and variations in the integral gradients of GCR (R >
0.5 GV) in 1957–2000 characterizes heliocentric dis-
tances of 1.5–3.3 AU and heliolatitudes from 16° N to
23° S, which allows us to evaluate the dependence of
the GCR modulation on the processes related to solar activ-
ity in the three-dimensional heliosphere during ≥4 solar
cycles. For instance, a comparison of the meteorite data
on variations in GCR gradients in 1957–2000 (Fig. 3)
with the curve of variations in SS number [1] (Fig. 1)
shows that the magnitude of gradients strongly depends
on phases of the solar cycle, ranging from low and even
negative values in the years of the minimum solar activ-
ity to ≥100%/AU in the years of the maximum activity
[21]. The average gradients during the recent solar
cycles (~20–30%/AU) are identical to the average gra-
dients of the last million years, which indicates the con-
stancy of the mechanism of solar GCR modulation at
least within ~1 Myr [15]. The values obtained by all
indirect methods are characterized by considerable
uncertainties (≥100% in the meteorite method for large
GCR gradients). Nonetheless, a series of uniform data
with persistent large and small gradients in the years of
maximum and minimum activity, respectively, over
more than four solar cycles reflects a real regularity,

i.e., correlation of GCR gradients with the level of solar
activity. Strong variations in the GCR gradient depend-
ing on solar activity within 5 AU from the Sun was first
detected during the flight of the Ulysses spacecraft [5]:
radial gradients for protons with E > 2 GeV ranged
from 0.5%/AU in the phase of the minimum solar activ-
ity in 1994–1996 to 5.3%/AU in the phase of the maxi-
mum solar activity in 1998–2001, i.e., the gradients
increased by an order of magnitude. Measurements by
Pioneer 10 and Pioneer 11 during the periods of the
minimum solar activity within 5 AU from the Sun
yielded radial gradients for protons with E > 70 MeV
up to ~5%/AU [23]. At the increase in these values by
one order of magnitude (modulation is much stronger
within this energy range), gradients of about 50%/AU
can be expected for the periods of the maximum solar
activity, which is comparable with the meteorite data,
taking into account the considerable uncertainties of
the latter.

Since the 1970s, we have repeatedly pointed out
[15, 24] that the high gradients obtained from meteorite
data do not characterize the whole heliosphere, but sug-
gest that a modulating layer of solar-wind magnetic
heterogeneities efficiently scattering GCR is formed in
the years of high solar activity within 2–3 AU from the
Sun. Based on the regular variations in the solar modu-
lation of GCR detected by the meteorite method, we
formulated already more than 30 yr ago the concept of
an effective modulating layer, i.e., established the het-
erogeneity of the structure and modulation properties
of the heliosphere at various levels of solar activity
[24, 25]. The layer develops within ~5 AU in the years
of high solar activity and is probably a zone of interac-
tion between the direct and inverse shock waves, high-
velocity solar wind, and short-circuited flows of low-
energy particles. It is characterized by the high turbu-
lence of magnetic fields and high density of magnetic
heterogeneities, which efficiently scatter GCR, produc-
ing an additional gradient of their intensity superposing
on the low gradient typical of the low-velocity solar
wind. Nonsteady-state processes attenuate with
decreasing solar activity, and the layer reduces and
thins out gradually moving toward the outer dynamic
boundary of the modulation area. New modulating lay-
ers form with the development of new cycles. They
shift during the expansion of the solar wind to remote
heliocentric distances forming a chain of zones with
high modulation properties (low diffusion coefficient)
on the GCR path. During a minimum of solar activity,
the residual modulation near the Earth is mainly con-
trolled by the total volume of solar wind and shows on
average small GCR gradients, which, however, are not
constant and may be considerable in local segments of
GCR pathways in the heliosphere.

This concept was strongly supported by the mea-
surement of GCR with Ep > 70 MeV in 1984–1986 dur-
ing the flight of Voyager 1 and Voyager 2 between 2 and
28 AU [26]. It was found that GCR intensity increases
and decreases in a stepwise fashion, i.e., as if GCR have
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to overcome local segments or barriers with poor prop-
agation conditions (low diffusion coefficients and high
gradients). The gradients are small in the areas between
the barriers. Steps on the intensity curves measured by
spacecrafts can be adequately correlated with the steps
on the curve of GCR intensity near the Earth (Fig. 1)
taking into account a time lag for the processes in the
heliosphere relative to active solar processes owing to
the finite velocity of the solar wind. This implies that
the barriers of the solar-wind heterogeneity encoun-

tered by GCR are not immovable, but propagate from
the Sun toward the heliosphere boundary with solar-
wind velocity and modulate new particle flows arriving
from the Galaxy. Thus, GCR need to repeatedly over-
come barriers on their way toward the Sun, and the
extent of modulation in the 11-year cycles is controlled
by the number and thickness of the barriers. Such a con-
cept of modulation has been developed in [27–30] and
other publications, and adequately reproduces the
observed features of variations in GCR intensity and
gradients.

It should also be noted that the meteorite data on
GCR gradients refer not only to various heliocentric
distances but to various heliographic latitudes and may
include considerable latitudinal components of GCR
gradients. They were first detected in the minimum of
solar cycle 20 from the data on the radioactivity of the
Dhajala and Innisfree chondrites with known orbits
[31] and have been accurately measured during the
Ulysses mission of 1996–2001 [5, 6]. The existence of
latitudinal GCR gradients in the heliosphere suggests
that the modulation area is not spherical and supports
the above conclusions derived from the theory of aniso-
tropic diffusion (Figs. 2a, 2b) [12–14]. The combined
experimental and theoretical data suggest that the area
of GCR modulation in the heliosphere is compressed in
the meridian plane, mainly within heliolatitudes of
±40°, with the maximum gradients at heliolatitudes of
±(15–20)°. Highly inclined meteorite orbits may extend
beyond the modulation area at small distances from the
Sun (1.5–3.3 AU), whereas the upper boundary of the
modulation area (defined by the total volume of the
solar wind) lies beyond ~50 AU near the helioequator
plane [15, 18]. This model of the modulation area was
first proposed in 1963 [32]. Given the possible latitudi-
nal dependency of solar-wind velocity on the level of
solar activity, the shape of the dynamic boundary of the
modulation area and its distance from the Sun also
depend on the phase of the solar cycle. During magnet-
ically quiet periods, the projection of the boundary is an
arc, whereas in the years of the maximum activity, it
resembles a wing of a butterfly and is located farther
from the Sun [15, 18].

CORRELATION ANALYSIS OF VARIATIONS 
IN SOLAR ACTIVITY ANG GCR GRADIENTS

IN THE HELIOSPHERE

The many years of investigations of GCR modula-
tion in the solar system and considerable progress in the
understanding of the general mechanism of this phe-
nomenon pose new questions indicating the complexity
of mutual connection and coupling of dynamic pro-
cesses in the Sun and three-dimensional heliosphere.
Under conditions of a plasma state of solar material, its
behavior is controlled by solar magnetic fields (SMF).
The interaction of charged plasma with magnetic fields
is a source of all the processes and phenomena on the
Sun, which, taken together, make the concept of solar
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Fig. 4. (a) Smoothed curve of temporal variations in GCR
gradients, Gr, compared with variations in the number of
sunspots, Ri (dashed line), in 1957–2000; and (b) variations
in the time lag between variations in GCR gradient and
changes in the number of sunspots, ∆t1, in various time
intervals for the maximum values of correlation coefficient,
r1; the dashed lines show standard deviation (±1σ).

Table 1.  Time lag, ∆t1, between variations in GCR gradient
and the number of sunspots in various time intervals for the
maximum value of the correlation coefficient, r1

Interval, years ∆t1, yr r1

1957–1971 1.37 ± 0.21 0.83

1965–1977 2.04 ± 0.14 0.97

1971–1982 2.51 ± 0.21 0.87

1977–1986 1.57 ± 0.23 0.90

1982–1990 0.30 ± 0.15 0.96

1986–1996 0.36 ± 0.12 0.98

1990–1999 0.36 ± 0.15 0.99
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activity. Owing to the high electric conductivity of solar
plasma, magnetic fields are dragged away together with
plasma by the solar wind into cosmic space forming the
heliomagnetosphere. In fact, the structure and dynam-
ics of the IMF are controlled by the structure and
dynamics of solar magnetic fields. However, the dis-
covery of scaling (scale invariance) of the intensity of
IMF fluctuations in the frequency range 2.3 × 10–6 Hz
during the Voyager 1 flight in 1980–1994, i.e., at a vary-
ing level of solar activity, at various heliocentric dis-
tances from 6.9 to 58.1 AU, and at heliographic lati-
tudes ranging from –5.4° to 32.7° [30] posed a problem
of the evaluation of the role of stochastic processes in
GCR modulation. Of special significance for the
searching, estimation, and distinguishing of the modu-
lating effects of IMF perturbations is a rigorous analy-
sis of the correlations between the distribution and vari-
ations of GCR in the heliosphere and various indexes of
solar activity, primarily, the intensity of IMF. Perturba-
tions of IMF (proportional to its intensity B [30])
change the diffusion coefficient of GCR, κ ∝ 1/B, and
control the degree of GCR modulation in various peri-
ods of solar activity (with convection, drift, and adia-
batic cooling due to solar wind expansion) [7, 8]. The
observed high coefficient of inverse correlation (r ~ 0.8–
0.9) for a time shift of ∆t = 0 between various compo-
nents of GCR at 1 AU and B2 even allows the calcula-
tion of B for the periods when the intensity of IMF was
not directly measured [33]. The analysis of correlations
is more problematic for other heliocentric distances,
because of the absence of long series of uniform mea-
surements of the intensity of GCR, the superposition of
temporal and spatial GCR variations, and possible lati-
tudinal variations in solar-wind velocity. However, the
available meteorite data on GCR gradients (Fig. 3)
allow us to perform such investigations for the helio-
sphere area up to ~4 AU, which is most susceptible to
stochastic perturbations in IMF.

Figure 4a shows variations in the number of SS [1]
compared with the smoothed curve of variations in
GCR gradients during 1957–2000. Along with general
positive correlations of the gradients with the level of
solar activity, there are time lags, ∆t1, of the gradient
variations relative to SS variations, especially large in
1970–1980, i.e., during the decline of the 20th and rise
of the 21th solar cycles (such that in the minima of
these cycles in 1976 and 1985, the lags differed by a
factor of more than ≥8). As can be seen from Table 1,
the correlation coefficients for these lags are ≥0.9. In
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1969–1971, the polarity of TSMF changed from minus
to plus in northern latitudes [34], which marked the
beginning of a new 22-year magnetic cycle. Figure 4b
and Table 1 show that the maximum time lag of ~2.5 yr
was observed for the positive phase of a magnetic
cycle: A > 0 in 1970–1980, whereas for the subsequent
negative phase of this magnetic cycle (A < 0 in 1980–
1990), the time lag was only ~0.3 yr. As was mentioned
above, the positive and negative phases of a magnetic
cycle differ in the direction of drift of charged particles.
When A < 0, positively charged particles drift from the
equator to the poles of the heliosphere and along HCS
toward the Sun, increasing the radial GCR gradients
and decreasing the latitudinal GCR gradients. When
A > 0, the opposite drift occurs from the poles to the
equator and along HCS away from the Sun, which
depresses the radial gradients and enhances the latitudi-
nal gradients of GCR in the heliosphere. It is obvious
that opposite convection flows encounter during these
processes owing to the drift of particles and their
sweeping by the solar wind, which strongly disturbs the
ordering of processes in the heliosphere, in particular,
the relation of GCR modulation to solar activity.
According to [10], the relationship between GCR vari-
ations and parameters of solar activity is strongly dis-
turbed during the periods of TSMF inversion (espe-
cially when a minus is changed by a plus in the northern
hemisphere of the Sun). It is important that the time
lags of GCR gradients relative to solar activity in the
positive and negative phases of the above magnetic
cycle are correlated with the duration of the periods of
TMFS inversion during entering into these phases:
∆t1 ~ 3 yr in 1969–1971 and ∆t1 ~ 1 yr in 1980. It is
interesting that the same time relationships were
obtained for the hysteresis of GCR energy [35]: the
spectra of particles become more rigid, probably owing
to the acceleration of particles in the shock waves of
turbulent processes triggered by the inversion [36].

Figure 5 presents latitudinal variations in the lag of
GCR gradients relative to the intensity of GCL on aver-
age for the whole period of 1957–2000 (upper curve)
and for the overlapping sequential periods of minimum
and maximum solar activity during solar cycles 19–22
(polar angle θ is measured from the north pole). The

dashed lines correspond to the regression parameters
given in Table 2. On average, for the whole period of
1957–2000, the time lag is about one year, varying from
the minimum value of 0.2 yr at the helioequator to the
maximum values of ~1.2 yr at heliolatitudes of θ ~ 60°
and 120° and again decreasing at higher latitudes. This
corresponds to the observed evolution of solar activity
and demonstrates its leading role in the structural devel-
opment of the heliomagnetosphere. There are signifi-
cant differences between the time lags for the maxi-
mum (periods of polarity reversals in TSMF) and min-
imum phases of various solar cycles. The longest lags
accompanied by considerable north–south asymmetry
were observed for the maximum of solar cycle 20:
3.03 yr for θ ~ 60° and 2.17 yr for θ ~ 120°, which is
probably related to a considerable structural rearrange-
ment of the heliomagnetosphere, because of the strong
(by a factor of more than ≥16) difference in the duration
of polar reversals in the northern and southern latitudes
during this period (Table 3). The effects of N–S asym-
metry are illustrated by variations in the slope of the
regression line ∆t = a + bθ (Fig. 5): from a strong pos-
itive slope (b ~ 0.019) in the maximum of solar cycle 20
(1965–1977) to a negative slope (b ~ –0.005) in the min-
imum of solar cycle 21 (1982–1990). As can be seen
from Table 2, the b value characterizing the slope of the
regression line differs from zero for the whole database
(1957–1999) within ±1σ, whereas this difference is as
high as ±2σ for the periods 1957–1982 and 1990–1999.
During the transition from northern (small θ) to south-
ern latitudes (high θ), the magnitude of the time lag, ∆t,
of variations in GCR gradients relative to variations in
the intensity of GCL decreases at positive b values and
increases at negative b values. These effects are consid-
ered below in more detail by an example of the 60° and
120° latitudes.

Figure 6a shows variations in the integrated gradi-
ents of GCR (R > 0.5 GV) along the meteorite orbits in
1957–2000 compared with the changes in GCL inten-
sity at 60° and 120° according to [11]. Figure 6b (sim-
ilar to Fig. 4b) exhibits a time lag between the GCR
variations at 1.5–3.3 AU and changes in solar activity,
which is especially strong for solar cycle 20 (Table 4).
Noteworthy is the occurrence of N–S asymmetry in the
time lag, ÄNS = [∆t2(60°) – ∆t3(120°)]/[∆t2(60°) +
∆t3(120°)] × 100% (Fig. 6c): at an average ÄNS level of
17 ± 10% in 1957–1999, there is a tendency of ÄNS to
decrease ~10% in 1971–1982 (A > 0) and an about two-
fold increase in 1977–1986 (A < 0) after the TSMF
inversion in the maximum of solar cycle 21 (Table 4).
This is most likely related to the distinction between the
inversion periods in the northern and southern hemi-
spheres of the Sun. Indeed, the magnetic reversal
occurred in February–November 1979 in the northern
hemisphere and six months later, between October
1979 and May 1980, in the southern hemisphere [37]
(Table 3). The analysis of inversion periods in solar
cycles 18–22 showed that the 22-year magnetic cycles
are not identical and differ in character and duration of

Table 2.  Parameters of the regression equation ∆t = a + bθ
for the relationships shown in Fig. 5

Interval, years a 10–3b

1957–1999 –1.06 ± 0.27 1.6 ± 2.7
1957–1971 –2.80 ± 0.56 12 ± 6
1965–1977 –3.66 ± 0.53 19 ± 6
1971–1982 –2.79 ± 0.46 9.7 ± 4.8
1977–1986 –0.63 ± 0.19 1.3 ± 2.0
1982–1990 –0.15 ± 0.31 –4.9 ± 3.1
1986–1996 –0.91 ± 0.32 1.9 ± 3.4
1990–1999 –1.00 ± 0.16 4.3 ± 1.8
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the TSMF inversion in northern and southern latitudes:
the inversions terminated earlier in the southern hemi-
sphere at the maxima of solar cycles 18, 19, and 20 and
in the northern hemisphere terminated at the maxima of
solar cycles 21 and 22 [37, 38] (Table 3). This is
undoubtedly related to the general level of activity in
northern and southern latitudes: during seven 11-year
cycles, up to cycle 20 inclusively, the activity in the
northern hemisphere was higher than in the southern
hemisphere [39]; however, the situation changed in
1981, when the southern hemisphere became more
active than the northern hemisphere [40]. The different
levels of solar activity in the northern and southern lat-
itudes must be reflected in the asymmetry of GCR mod-
ulation. According to [41], the maximum asymmetry of

 ≥ 1% for particle flows with effective energies of
3–4 GeV was detected near the minimum of solar cycle
20. This is in agreement with the data derived from the
Dhajala and Innisfree chondrites with known orbits for lat-
itudinal GCR gradients (R > 0.5 GV) in 1973–1976: Gθ
is ~ 3–5% per degree in southern latitudes and from –1.5
to 0.8% per degree in northern latitudes [15, 31, 42].

This effect is related to the peculiarity of the process
of solar magnetic field rearrangement in solar cycle 20
[43]. Figure 7 shows the evolution of the lines of force
for the regular solar magnetic field during various
stages of magnetic reversal according to the data of
[34]. It can be seen that the solar magnetic field was
perfectly dipolar in 1967: the northern hemisphere was
negative and the southern hemisphere, positive, such
that the pattern was symmetrical relative to the north–
south direction. The inversion began developing in
March 1968 at heliolatitudes of 40°–50° in the southern
hemisphere and propagated slowly toward the pole,
which was reached in September 1969. In the northern
hemisphere, the inversion began in the 40°–50° zone
only in August 1970, but it was stronger and reached
the pole within one year. During the whole period, the
inversion was not observed in the near-equatorial zone,
at ±40°. As can be seen in Fig. 7, the north–south asym-
metry related to TSMF reversal existed from March
1968 to August 1971 and was most clearly manifested
between September 1969 and August 1970, when the
inversion of the magnetic field was already finished

ANS'

near the southern pole and had not yet began near the
northern pole. Since no inversion occurred in the ±40°
equatorial zone in 1969, charged particles could pene-
trate the heliosphere in southern latitudes along the
magnetic field lines not only from the polar side but

Table 3.  Periods and duration (τ) of TSMF reversals in northern and southern latitudes according to the data of [37, 38]

Solar
cycle

N S

sign period τ, yr sign period τ, yr

18 –/+ 05.1950 0.08 +/– 12.1948–01.1949 0.17

19 +/– 02.1958–12.1959 1.92 –/+ 07.1958 0.08

20 –/+ 10.1969–01.1971 1.33 +/– 04.1970 0.08

21 +/– 02.–11.1979 0.83 –/+ 09.1979–05.1980 0.75

22 –/+ 01.1989–03.1990 1.25 +/– 08.1989–05.1991 1.83

23 +/– 11.1999–10.2000 1 –/+ 06.1999–06.2001 2.08
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also in the near-equatorial zone at ≤40° S [43]. In north-
ern latitudes, charged particles had such an opportunity
only starting from August 1970 and, especially, in
1971, when the polarity of the magnetic field changed
at the northern pole. From that moment, the solar mag-
netic field restored its N–S symmetry. However, a com-
parison of the first and last panels of Fig. 7 suggests that
the inversion of TSMF resulted in that the heliosphere
appeared to be open not only near the poles, as in 1967,
but also in the part in the near-equatorial zone at ±40°.
This additional possibility for the penetration of

charged particles into the heliosphere through a kind of
hole in the magnetosphere was probably responsible
for the rapid increase in GCR intensity at the end of
1971 and for the general higher level of GCR intensity
in solar cycle 20 compared with cycle 19 [43]. In fact,
TSMF can probably have such configurations when,
instead of a single neutral current sheet, there is one
neutral sheet and two neutral cones at heliolatitudes of
±40°, which may play a key role if the processes of drift
are predominant [44]. The reverse drift of particles after
the termination of solar magnetic field rearrangement

Table 4.  Values of time lags, ∆t2 and ∆t3, between variations in GCR gradients and changes in GCL intensity at θ = 60° and
θ = 120° in various time intervals for the maximum values of correlation coefficients, r2 and r3, respectively

Interval, years
GCL, θ = 60° GCL, θ = 120°

ANS, %
∆t2, yr r2 ∆t3, yr r3

1957–1971 1.69 ± 0.28 0.58 1.18 ± 0.23 0.78 18 ± 13

1965–1977 2.90 ± 0.20 0.91 2.22 ± 0.19 0.88 13 ± 6

1971–1982 2.86 ± 0.22 0.90 2.36 ± 0.21 0.90 10 ± 6

1977–1986 1.21 ± 0.24 0.86 0.78 ± 0.16 0.95 22 ± 15

1982–1990 0.73 ± 0.21 0.90 0.51 ± 0.10 0.97 18 ± 19

1986–1996 0.97 ± 0.17 0.96 0.77 ± 0.13 0.97 12 ± 12

1957–1999 1.23 ± 0.16 0.72 0.88 ± 0.12 0.87 17 ± 10
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in northern latitudes in August 1971 could be the reason
for the increase of GCR intensity in the northern hemi-
sphere up to negative gradient values. Owing to the dif-
ferent character and duration of inversion periods dur-
ing the changes of various phases of magnetic cycles,
the N–S asymmetry must occur differently in the differ-
ent cycles. In fact, according to [41]  fluctuates
near zero in the negative phases of magnetic cycles.

Our analysis shows that the influence of solar activ-
ity variations on the spatial distribution and modulation
of GCR in the heliosphere is indirect: in agreement with
this theory it occurs through the influence on the struc-
ture and disturbance of IMF. It is reasonable, therefore,
to pose the question on the correlations of GCR gradi-
ents with the intensity of IMF. Figure 8a compares vari-
ations in the radial gradients of GCR (curve 1) with
variations in the intensity of IMF, B [45] (curve 2).
There is a positive correlation between radial gradients
of GCR at about 2–4 AU with IMF intensity. However,
this correlation is different for different solar cycles and
for the ascent and descent periods of solar cycles. The
time lag, ∆t4, between the GCR gradients and variations
in IMF intensity fluctuates near zero during the descent
periods of solar cycles 21 and 22 (i.e., independent of
the phase of magnetic cycle) with a very high correla-
tion coefficient of r4 ≥ 0.9 (Fig. 8b, Table 5). However,
during the ascent phase of cycle 22, an increase in GCR
gradients is enhanced by the drift of particles from the
heliosphere at a high inclination of HCS [46] (Fig. 9)
and is even faster than an increase in the intensity of
IMF. These regular relations are disturbed again by
solar cycle 20 and the magnetic cycle of 1969–1981 as
a whole: there is a poor correlation between the gradi-
ents and IMF; the time lag is ∆t4 > 1.5 yr at r4 ~ 0.5. The
important role of HCS inclination in the development
of solar activity and GCR modulation is evident. As can
be seen from Table 6, changes in HCS inclination are
primary, i.e., changes in SS or IMF are retarded with
respect to changes in HCS. However, the time lag
between SS and HCS variations is small: the average
value is ∆t6 = 0.22 ± 0.12 yr (for all intervals except for
1990–2001, ∆t6 for SS does not differ from 0 within 1σ,
i.e., HCS and SS change almost synchronously). The
development and changes in IMF are retarded with
respect to changes in solar processes on average by one
year (Fig. 9b). The main factor of the influence of HCS
on the modulation of GCR is constraining the direction
of the particle drift. It is clearly seen from Fig. 9a that
the slope of HCS strongly correlates with solar activity,
varying from α < 10° at a minimum of solar activity to
α > 70° at the maximum. Near solar activity maxima,
high-latitude drift flows cause the strongest perturba-
tions in the heliomagnetosphere, preventing GCR pen-
etration. Figure 9c displays a strong correlation (r5 =
0.96, Table 5) between the magnitude of radial GCR
gradients and the inclination of HCS during a change of
the magnetic cycle near the maximum of solar cycle 22
in 1990. It was noted at the beginning of this paper that,

ANS'

according to the measurements by the Ulysses space-
craft, the radial gradients of protons with Ö > 2 GeV
became several times higher in that time period [5]. The
relationships shown in Fig. 9c suggest that this effect
was not accidental; it was observed over three solar
maxima near 1980, 1990, and 2000 and resulted from
both an increase in IMF disturbance (Fig. 9b) and high
inclination of HCS.
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Table 5.  Values of time lags, ∆t4 and ∆t5, between varia-
tions in GCR gradients and changes in the IMF intensity and
HCS inclination in various time intervals for the maximum
values of correlation coefficients, r4 and r5, respectively

Interval, 
years

IMF HCS

∆t4, yr r4 ∆t5, yr r5

1965–1977 1.48 ± 0.33 0.57 – –

1971–1982 1.78 ± 0.41 0.41 – –

1977–1986 0.18 ± 0.20 0.94 1.65 ± 0.34 0.78

1982–1990 –0.67 ± 0.29 0.76 0.20 ± 0.14 0.97

1986–1996 –0.19 ± 0.20 0.89 0.57 ± 0.13 0.96

1990–1999 – – 0.70 ± 0.16 0.96
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Unfortunately, there is no evidence for the inclina-
tion of HCS during solar cycle 20. However, even in the
neighboring 21th cycle, the correlation with GCR gra-
dients is less distinct: ∆t5 ~ 1.65 at r5 = 0.78 near the
maximum of this cycle in contrast to ∆t5 ~ 0.57 with
r5 = 0.96 for the maximum of cycle 22 (Table 5,
Fig. 9d). It should be noted that various anomalous fea-
tures of cycle 20 have already been discussed for
almost 30 years [47], and there is no reason to suppose
a violation of data uniformity related to IMF measure-
ments before 1973. In contrary, the presented analysis
of the correlations between GCR gradients and solar
activity indexes, characteristics of N–S asymmetry, and
the weakening of correlations with IMF in 1969–1981
provide compelling evidence for a deep structural rear-
rangement of IMF in this period, which was probably
related to the change of a secular cycle of solar activity.

Such a period (80 ± 50 y) is characteristic of quasi-peri-
odic variations in the height of the maxima of 11-year
cycles [48]. In contrast to the 11-year cycles connected
with the frequency of solar activity phenomena, the
secular cycle reflects mainly variations in their inten-
sity. Figure 10a shows variations in the maximum aver-
age annual relative number of SS in 1700–2001
smoothed by the Gleisberg method [49]. It can be seen
that the secular cycle minima coincided with solar
cycles 6 and 14, and maxima, with cycles 3 and 9, and
the change of the previous secular cycle coincided with
cycle 20. The most intense occurrences of solar activity
were observed during solar cycles 18–21: the highest
values of maximum Wolf numbers, the widest zones of
SS groups, the clearest distinguishing of active lati-
tudes, etc.
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An important feature of secular modulation is the
periodic asymmetry in the activity of the northern and
southern hemispheres of the Sun [50]. The activity level
in the northern and southern hemispheres is approxi-
mately the same for extremely high and extremely low
amplitudes of the 11-year cycles, whereas cycles of
moderate intensity show maximum asymmetry [51]. As
was mentioned above, a change in the intensity of solar
activity in the northern and southern hemispheres hap-
pened at the boundary between cycles 20 and 21. The
curve of the secular cycle (Fig. 10a) has a character of
free harmonic oscillations, which could be due to cyclic
variations in the depth of the convection zone of the Sun
[39]. The existence of cycles longer than 100 yr is also
possible. For instance, the historical record of sunspots
and auroras suggests the existence of a 600-year cycle.
The positive slope of the regression line may be indic-
ative of the change of a 600-year cycle of solar activity
in cycle 20 (it is also possible that this change will
occur in the nearest cycles). The plausibility of this sug-
gestion will be assessed by future studies. If this cycle
is still in its ascent phase, this factor could contribute to
the observed global warming. Figure 10b shows varia-
tions in temperature (T) in the lower atmosphere during
the past 150 yr [52]. There is a clear tendency of T to
increase with time. A similar tendency can be observed

for variations in CO2 concentration in the Earth’s atmo-
sphere, although the correlation with temperature has
been disturbed in several segments of the time scale
[53]. The analysis of regression lines in Figs. 10a and
10b gives a rate of SS increase of 0.22%/yr and a rate
of T increase of only 0.0015%/yr. The difference in the
increase rates is related to at least two natural reasons.
First, the temperature of the Earth is affected by the
Sun’s radiative energy, which depends on solar activity;
whereas the SS number is only a formal index of solar

Table 6.  Values of time lags, ∆t6 and ∆t7, between variations
in the number of sunspots and changes in IMF intensity and
HCS inclination in various time intervals for the maximum
values of correlation coefficients, r6 and r7, respectively

Interval, 
years

Sunspots IMF

∆t6, yr r6 ∆t7, yr r7

1976–1986 0.14 ± 0.16 0.98 1.28 ± 0.28 0.70

1981–1990 0.06 ± 0.18 0.94 0.93 ± 0.37 0.62

1986–1996 0.19 ± 0.18 0.95 0.60 ± 0.20 0.81

1990–2001 0.53 ± 0.14 0.96 1.00 ± 0.20 0.80

1976–2001 0.22 ± 0.12 0.92 0.93 ± 0.21 0.70
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Fig. 11. Distribution of the average annual temperatures of
the Earth’s lower atmosphere, t, in 1850–2000 for years
with different average numbers of sunspots: (a) N < 100 and
(b) N ≥ 100. The arrows show the median values of the tem-
perature: (a) tmed = –0.30 ± 0.02 and (b) tmed =

; standard errors (±2σ) were calculated by the
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activity, which is not directly related to the temperature.
It is reasonable to expect that inertial processes on the
Sun result in a strong smoothing of solar activity varia-
tions and diminish an increase in its luminosity. Sec-
ond, in a similar manner, the high inertia of terrestrial
processes, in particular, inertial processes in the ocean
strongly decelerate and, fortunately, mitigate the tem-
perature increase on a long time scale. Nonetheless, a
definite correlation between the Earth’s temperature
and solar activity can be seen in Figs. 11a and 11b,
which show the distribution of the average annual tem-
peratures in the lower atmosphere in 1850–2000 for
years with different average numbers of SS: (a) N < 100
and (b) N ≥ 100. The arrows indicate the median values
of temperature: tmed = –0.30 ± 0.02 and tmed =

 in degrees centigrade, i.e., the average
temperature of the Earth’s lower atmosphere is higher
in the years of higher solar activity (N ≥ 100). It is inter-
esting that this effect is observed at small delays of the
temperature relative to SS (several years) and is leveled
out at high delays (tens of years), which demonstrates
the inertial mechanism of natural processes: a relatively
rapid response of temperature in the lower atmosphere
on the level of solar activity and slow smoothing of
temperature fluctuations on a long time scale (~100 yr)
owing primarily to the tremendous inertial potential of
the ocean. Thus, our analysis indicates that solar activ-
ity is one of the main natural factors affecting the cli-
mate of the Earth.

CONCLUSIONS

Processes on the Sun and solar activity are the major
control of processes in the heliosphere through forma-
tion and disturbances in the IMF. This is manifested on
the most global scale in the solar modulation of GCR,
i.e., variations in GCR intensity at various heliocentric
distances and in various heliographic latitudes are in
agreement with the varying level of solar activity. It is
clear that GCR intensity is a fine tool for the investiga-
tion of the electromagnetic structure of the heliosphere
and its changes related to solar activity variations.
However, such investigations require long series (sev-
eral 11-year solar cycles) of uniform data on GCR
intensity in interplanetary space. At present, only the
natural detectors of GCR, radionuclides with various
half-lives in chondrites that fell to the Earth in 1959–
2000, provide such data on GCR intensity within
2−4 AU from the Sun over more than four solar cycles.
The correlation analysis of these parameters with vari-
ous indexes of solar activity (SS number and GCL
intensity), inclination of HCS, and IMF intensity leads
to the conclusion that the change of a secular cycle
occurred in solar cycle 20 (1965–1976) and caused
strong electromagnetic disturbances in the heliosphere.
The positive slope of the regression line of secular
cycles in Fig. 10a suggests that the current 600-year or
longer solar cycle is still in its ascent phase, which

0.075 0.045–
+0.065–

could contribute to the observed warming of the Earth’s
climate. Indeed, the correlation analysis of variations in
solar activity and the temperature of the Earth’s lower
atmosphere over the past 150 years leads to the conclu-
sion that solar activity must be regarded as one of the
main factors controlling the Earth’s climate.
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