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Abstract. The effects of the 22-year variation of so-
lar magnetic fields in the galactic cosmic ray (GCR)
intensity were first observed and interpreted as manifes-
tations of inversion of the high-latitude solar magnetic
field in properties of heliospheric magnetic fields by the
Lebedev Physical Institute team in 1973. Since then,
these effects have been studied already for 50 years.

The situation with the heliospheric magnetic field is
clear for periods of medium and low sunspot activity —
the heliosphere consists of two unipolar “hemispheres”
separated by a wavy global heliospheric current sheet
and characterized by a general polarity A (unit quantity
with the sign of the radial component of the heliospheric
magnetic field in the northern “hemisphere”). Yet there
is no consensus on what the inversion of the heliospher-
ic magnetic field is and which effects in the GCR inten-

sity are connected with this phenomenon.

In this article, we briefly formulate general concepts
of the 22-year variation in characteristics of the Sun,
heliosphere, and GCR intensity and discuss the ob-
served effects in the GCR intensity, which we attribute
to the heliospheric magnetic field reversal. Models for
this phenomenon and the results of GCR intensity calcu-
lations with these models will be discussed in the next
article.

Keywords: heliosphere, heliospheric magnetic fields
(HMF), inversion of HMF, galactic cosmic rays (GCR),
GCR modulation, long-term GCR variations, 22-year
GCR intensity variation, GCR during HMF inversion.

LIST OF ABBREVIATIONS

GCRs — galactic cosmic rays.

HMF — heliospheric magnetic field.
HCS — heliospheric current sheet.
CR — Carrington rotation.

SMFs — solar magnetic fields.

SC — solar cycle. So, for brevity, the solar cycle is designated in the SMF toroidal component (number, area,
and other characteristics of sunspots, active regions, flares, coronal mass ejections, etc.). Synonyms are the 11-year

solar cycle, the sunspot solar cycle.
EH — energy hysteresis in the GCR intensity.

RBM — regular balloon monitoring of cosmic rays — an experiment conducted by Lebedev Physical Institute

RAS (LPI RAS) since 1957.
NM — cosmic ray neutron monitors.

PAMELA — A Payload for Antimatter Matter Exploration and Light-nuclei Astrophysics — cosmic ray detec-

tor on board the satellite Resource DK1.

AMS-02 — Alpha Magnetic Spectrometer — cosmic ray detector on board the International Space Station.

INTRODUCTION

Solar magnetic fields and their 22-year variations
have been known for more than a hundred years since
their discovery in bipolar groups of sunspots [Hale, 1908]

and polar regions [Hale, 1913] and observation of
changes in the polarity of the leading and following
sunspots in a new cycle's sunspots [Hale et al., 1919].
To make it clearer what our article is about, Figure 1
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presents observations of solar and heliospheric char-
acteristics, and GCR intensity from 1955 onward.
According to the dynamo theory, there are two
branches of solar magnetic fields (SMFs) with signifi-
cantly different properties on the Sun [Charbonneau,
2010]. In the first approximation, high-intensity toroidal
magnetic fields By, are associated with active regions
and related phenomena (sunspots, flares, coronal mass
ejections, etc.), and quantitative indices obtained from
150-year observations are the area Sgs and the position
of sunspot groups (panels a, b). The SMF poloidal
branch, which is weaker in intensity By, is primarily
linked to polar (high-latitude) quasi-radial fields oppo-
site in direction at the north and south poles, and with
coronal holes; the quantitative indices are the number of
polar faculae observed for more than a hundred years
[Sheeley, 2008], as well as the component along the line
of sight of high-Ilatitude SMFs, which has been regularly
observed since 1976 (panel ¢). Activity of the two SMF
branches develops in antiphase. Toroidal fields peak, of
course, during a solar cycle (SC) maximum and change
polarity shortly after minimum of this cycle. The poloi-
dal branch is maximum at solar minimum and changes
polarity at solar maximum. Thus, despite the SMF
strength of each of the branches varies with ~11-year
period, there is a ~22-year cycle in their polarity.
However, the modulation of galactic cosmic rays
(GCRs) we are interested in occurs in the heliosphere
(the outer layer of the solar atmosphere

' <r <, where ;<10 r_and .} >100 AU) and

out —

is caused by the influence of the solar wind and helio-
spheric magnetic fields (HMFs) on charged particles
(panel d). During most of SC in terms of the direction of
regular HMF to the Sun (B,<0) or from the Sun (B,>0),
the heliosphere consists of two oppositely directed uni-
polar hemispheres separated by a wavy global helio-
spheric current sheet (HCS) with a degree of waviness
g (panel d). Figure 1, a, d shows that both the HMF
strength and the degree of HCS waviness correlate with
the SMF toroidal branch. The above simple pattern of
the two-hemisphere heliosphere is violated during SC
maxima.

GCRs with isotropic intensity J and low anisotropy
8J/J penetrate into the heliosphere from the Galaxy
region surrounding the Sun, are affected by the solar
wind and HMF, and their characteristics change signifi-
cantly (or are modulated). The GCR intensity is seen
(panel e) to peak during SC minima and vice versa, i.e.
in the first approximation it anticorrelates with the SMF
sunspot cycle. The concept of the sunspot cycle as the
only cause of the long-term GCR variation dominated
during the first decades of the study of its modulation.
Nonetheless, already during the development of the idea
about the heliosphere as an outer extended layer of the
Sun's atmosphere reflecting the processes occurring on
its surface, it was suspected that there might be 22-year
effects in GCR characteristics.

Such effects in the GCR anisotropy were first identi-
fied by S. Forbush in 1967-1969 from time variations in
daily wave maximum in data from ionization chambers
[Forbush, 1969]. The effect of variability of the solar

general magnetic field (as MF in the polar regions of the
photosphere was called then) on the GCR intensity was
first detected by the LPI team in 1973 [Charakhchyan et
al., 1973] and was interpreted as the effect of inversion
of this field in HMF properties. Since then, the manifes-
tations of the 22-year HMF cyclicity in the GCR inten-
sity have been studied for fifty years, and attention has
mainly been drawn to the phenomena occurring during
low solar activity and hence two-hemispheric distribu-
tion of HMF polarity. Note that by the intensity in this
paper is meant its isotropic part, and by anisotropy is
implied a characteristic of the deviation of the exactly
defined intensity from isotropy (in the simplest case, a
vector).

Yet, for high sunspot activity and HMF inversion,
there is no consensus on which effects in the GCR in-
tensity are caused by this inversion, although for the
period of regular monitoring of GCRs of different ener-
gies the HMF inversion has already occurred seven
times. Moreover, in most studies on the GCR behavior
during these periods (see, e.g., [Aslam et al., 2023]),
individual GCR intensity effects typical for different
HMF inversion periods are usually not distinguished. It
would therefore be useful to discuss such effects regu-
larly (as in [Charakhchyan et al., 1973; Svirzhevskaya et
al., 1975]) identified for different HMF inversion peri-
ods in the LPI team's works.

While we analyze the GCR behavior during HMF
inversion, to discuss this behavior in a modern light we
should formulate the general concept of the 22-year
cyclicity in heliospheric characteristics and GCR inten-
sity. We first, therefore, briefly formulate general facts
and ideas about the 22-year variations in SMF and
HMF, as well as in GCR intensity (Section 1). Then, we
discuss the observed effects in the GCR intensity, which
we associate with HMF inversion (Section 2). The re-
sults are discussed in Section 3. Simulation of helio-
spheric characteristics and GCR intensity during HMF
inversion will be examined in the next article.

1. GENERAL FACTS
AND IDEAS
ABOUT 22-YEAR VARIATIONS
IN THE HELIOSPHERE

Characteristic dimensions of toroidal SMFs (for ex-
ample, a distance between leading and following sun-
spots) Lyor are small compared to the solar radius r,
Lior<<r, Whereas characteristic dimensions of poloidal
SMFs (approximately the diameter of the photosphere)
Lot . Due to the layer r_ <r <1, between the photo-

sphere and the heliosphere in which the main energy
factor is the magnetic field, when SMF penetrates into
the heliosphere, where the solar wind kinetic energy
forms the basis of the energy balance, larger-scale po-
loidal SMFs gain a great advantage [Schatten et al.,
1969; Altschuler, Newkirk, 1969]. At the same time,
they are significantly affected by powerful toroidal
fields, possibly due to the heating of the corona and the
associated system of horizontal currents [Zhao,
Hoeksema, 1994].
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Figure 1. Long-term variations in solar and heliospheric magnetic fields and GCR intensity in 1955-2023. The periods of maxi-
mum sunspot activity (the time interval between two Gnevyshev peaks [Gnevyshev, 1967; Storini et al., 2003]) and the overall HMF
polarity A are shown above the top panel; hatched bands are HMF inversion periods. Horizontal hatching indicates the periods for
SC 21-24 in accordance with [Krainev, 2019] and the period of HMF inversion in SC 25, which began in Carrington rotation (CR)
2265 at the end of 2022 [http://wso.stanford.edu]; oblique hatching, those observed in individual measurements of SMF, but before
its regular scanning. The solar and heliospheric characteristics (except for latitudinal boundaries of sunspot groups) are smoothed
with a period of ~1 year. Panels a, b are the area of sunspot groups and the latitudinal boundaries of sunspot groups with B,>0 (blue
lines) and B, <0 (red lines) [https://solarscience.msfc.nasa.gov; ftp://ftp.swpc.noaa.gov/pub/forecasts/SRS]. In panel ¢ is SMF
component along the line of sight from Earth in the northern (blue line) and southern (red line) polar regions of the solar photosphere
[http://wso.stanford.edu]. In panel d is the HMF radial component modulus in the Earth orbit (red line)
[ftp://omniweb.gsfc.nasa.gov/pub/data/omni/low_res_omni] and the degree of HCS waviness ag (blue line) [http://wso.stanford.edu].
Panel e is the monthly average rate of the Geiger—Miiller counter at the Regener—Pfotzer maximum as derived from the RBM

experiment in the Murmansk Region and Antarctica [https://sites.lebedev.ru/en/DNS_FIAN]

As a result, despite the HMF strength correlates with
the toroidal SMF characteristics, it is topologically the
poloidal SMFs that form HMF in the form of two unipo-
lar hemispheres of opposite polarity separated by wavy
global HCS. Such a representation related to the period
outside the poloidal SMF inversion had already devel-
oped by the mid-1970s [Shulz, 1973] and is character-
ized by the overall HMF polarity A (a unit quantity with
the sign of the HMF radial component B, in the northern
hemisphere of the heliosphere) and by the degree of
HCS waviness (quasi-tilt g, — half of the latitude range
occupied by HCS). Note that we separate the observed
characteristic (quasi-tilt ag), determined for each CR
from the results of SMF scanning at the Wilcox Solar
Observatory (WSO), and tilt (tilt of a current sheet) oy —
the parameter of the model of the so-called tilted current
sheet [Jokipii, Thomas, 1981] assuming that the current
sheet at a fixed distance is in a plane tilted to the equator

by an angle o,. The HMF inversion, i.e. reversal of its
polarity A, occurs during SC maximum and is likely to
be associated with the change of old fields for new ones
on the Sun due to the poleward drift of remnants of to-
roidal fields [Charbonneau, 2010]. Because of insuffi-
cient information on the heliosphere, WSO data
[http://wso.stanford.edu], obtained from daily scanning
of photospheric SMFs, is very important for a quantita-
tive representation of HMF in the entire heliosphere.
Qualitative ideas about HMF during its inversion are
discussed below. In Figure 1, horizontal hatching for SC
21-24 according to regular WSO measurements and our
model (see below) shows the inversion periods tabulat-
ed in [Krainev, 2019]; and for current SC 25, the HMF
inversion period that began at the end of 2022 (CR
2265). Oblique hatching indicates the HMF inversion
periods in SC 19-20 according to measurements of
high-latitude SMFs [Babcock, 1959; Howard, 1974;
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Sheeley, 1976], when regular scanning and processing
of SMFs at WSO (since 1976) did not begin yet.

The concepts of mechanisms behind the influence of
HMF ordered distribution on GCRs during periods out-
side of its inversion were, for the most part, formulated
in the 1970s-1980s: 1) particle drift in an inhomogene-
ous magnetic field ([Jokipii et al., 1977]; effects depend
on the sign of gA (we will denote such a dependence as
~gA), where q is the particle charge); 2) particle diffu-
sion in terms of the helicity of regular HMF ([Bieber et
al., 1987]; ~A effects); possibly 3) reconnection between
HMF and the galactic field ([Schatten, Wilcox, 1969;
Nagashima, 1977; Ahluwalia, 1979]; ~A effects), and 4)
manifestation of the electric potential difference be-
tween the heliosphere and interstellar space ([Krainev,
1979; Jokipii, Levy, 1979]; ~gA effects). At the same
time, the corresponding observed effects were discov-
ered in the GCR intensity [Jokipii, Thomas, 1981]: al-
ternation of peak- and plateau-shaped time profiles of
the intensity of GCR nuclei during periods A<O and
A>0 respectively (see Figure 1, e).

Due to the theoretical description of GCR behavior,
an opinion was formed [Potgieter, 2013] about the mag-
netic drift as an important mechanism of GCR modula-
tion near SC minima when the degree of HCS waviness
is low (quasi-tilt 04<30°). We assign the remaining part
of SC (aq>30°, about half or most of SC depending on
the og model) to the period when the HMF inversion
can be important for GCRs. Note that already in the first
work [Jokipii, Thomas, 1981] in which the effect of
alternating peak- and plateau-shaped time profiles of
GCR intensity depending on the overall HMF polarity
and the particle charge was obtained from calculations
and confirmed by observations, the authors limited their
conclusion to the time period when a;<30° because in
periods closer to SC maximum, as they said, the entire
structure of the magnetic field changes sign and we
cannot expect a simple ordered structure predicted for
the periods of forthcoming solar minimum. Thus, the
periods when we can expect an effect of HMF inversion
on the GCR intensity comprise 1) a short period (less
than a year) of a rapid intensity decrease before the start
of HMF inversion; 2) the HMF inversion per se when a
transition occurs from the overall HMF polarity A<O to
A>0 or vice versa (inversion of these types can also be
referred to as inversions with dA/dt>0 or dA/dt<0); 3) the
initial period of intensity increase after HMF inversion
(~2 years). Since the HMF inversion until it begins can-
not have an effect on the GCR intensity, the GCR behav-
ior in the first of these periods will not be analyzed.

As for the HMF inversion structure, our qualitative
ideas of it as consisting of three phases were formed
about ten years ago [Krainev, Kalinin, 2014; Krainev et
al., 2015; Krainev, 2019]. Almost throughout SC, HMF
before inversion is divided into two unipolar hemi-
spheres of opposite polarity with an overall polarity A;,
separated by single and global (i.e. connecting all longi-
tudes) HCS. In the first phase of the inversion (we call it
pre-inversion), besides this global HCS there are addi-
tional opposite polarity HMF islands in the unipolar
hemispheres, i.e. HCS losses its uniqueness, but retains
its global character. The pre-inversion phase is followed

by the phase of the HMF inversion per se when HCS
loses its global character, i.e. during some solar rota-
tions there are no HCS connecting all longitudes. Final-
ly, during the third phase of HMF inversion (post-
inversion), HCS again assumes a global character corre-
sponding to the new overall polarity A, =—A;, opposite
to the original one, but there is no single HCS yet. Fi-
nally, after the entire inversion, an HMF is established
with two opposite polarity unipolar hemispheres with
A,, which are separated by single global HCS. Note that
the HCS shape is defined by WSO models
[http://wso.stanford.edu] as a shape of neutral lines of
the radial magnetic field on the HMF source surface. It
is believed that extending this structure to the helio-
sphere by the radial solar wind in view of solar rotation
gives a good approximation to the observed shape of
HCS [Burton et al., 1994; Smith, 2001, 2011]. The time
limits of the three HMF inversion phases for the last
four cycles (SC 21-24), listed in Table in [Krainev,
2019], as well as the beginning of HMF inversion for
SC 25 (Figure 1), have been determined using the clas-
sical WSO model version and change slightly for anoth-
er (radial) version. As mentioned in Introduction, quan-
titative modeling of heliospheric characteristics and
GCR intensity during HMF inversion will be discussed
in the next article.

2. PHENOMENA OBSERVED
IN GCR INTENSITY
DURING HMF INVERSION

By the early 1970s, systematic monitoring of GCR in-
tensity (mainly protons of rather high kinetic energy T>1
GeV) on the surface and in Earth's atmosphere had been
carried out for more than 30 years: ionization chambers
since 1936 [Forbush, 1939]; separate neutron monitors
(NM) since 1952 [Simpson, 1985, 2000]; worldwide NM
network [http://mww.nmdb.eu], and regular balloon moni-
toring (RBM) [https://sites.lebedev.ru/en/DNS_FIAN]
since 1957. Direct extraterrestrial measurements of GCRs
of other types (nuclei, electrons, etc.) and lower-energy
protons began in the 1960s, but until the mid-2000s moni-
toring of their intensities in a wide range of energies was
irregular [Evenson et al., 1983; Garcia-Munoz et al., 1986].

From the results of monitoring made by Forbush al-
ready in 1954, an overall anticorrelation was found be-
tween the GCR nuclear component intensity and SC
[Forbush, 1954]. For the first two decades, data analysis
involved comparing time variations in GCR intensity
with the behavior of various SC characteristics and with
episodic satellite observations. During those years, gen-
eral concepts of the heliosphere were developed [Parker,
1963], foundations of the GCR modulation theory were
formed [Parker, 1958; Krymskiy, 1964; Parker, 1965],
the coefficients of the transport equation were estimated
by measuring heliospheric characteristics.

Although, as already indicated in Introduction, in the
1950s and 1960s, the long-term GCR variations were
mainly associated with 11-year SC, the 22-year cyclicity
of both SMF branches had long been known from direct
measurements of strong magnetic fields of sunspots and
weak fields in polar regions. Therefore, when analyzing
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data on GCR characteristics, the possibility of the 22-
year cyclicity of SMF in the data should have been tak-
en into account.

The first such manifestation was a 22-year wave in
GCR anisotropy, discovered by Forbush, when analyzing
data from ionization chambers, from the time of daily
wave maximum [Forbush, 1969]. Let us take a closer
look at the history of the discovery of manifestation of the
SMF 22-year cyclicity in GCR intensity. Furthermore,
since we use the RBM experiment data, note that within
the framework of this experiment, conducted by LPI
since 1957, a balloon probe transmits a pulse to a receiver
when each particle of the ionizing component of primary
and secondary cosmic rays passes through a detector
(Geiger—Miiller counter). Such measurements are regu-
larly performed at several ground stations (currently three
times a week in the Murmansk and Moscow regions and
at Mirny Observatory in Antarctica). Below, when dis-
cussing the effects observed in the GCR intensity, we use
the monthly average combined count rate of the RBM

detector NM™ from Murmansk and Mirny data in the

maximum dependence of the count rate on the amount of
matter above the device (Regener—Pfotzer maximum).

The count rate Njew' correlates with the intensity of pro-
tons having a kinetic energy T>0.1 GeV [Stozhkov et al.,
2007], the effective energy T¥"™ ~3-5 GeV. The RBM
experiment is described in more detail in [Bazilevskaya,
Svirzhevskaya, 1998; Stozhkov et al., 2009] and on the
website [https://sites.lebedev.ru/en/DNS_FIAN]. Here-
inafter, we call the count rate N Yo' the RBM count rate;
and the monthly average count rate of the Moscow neu-

tron monitor N3, NM data (effective energy Tl =10
GeV).

When comparing time profiles of SC characteristics
and GCR intensity from RBM experiment and NM data
for 1957-1968. [Stozhkov, Charakhchyan, 1969; Sto-
zhkov, Charakhchyan, 1970], it was observed that the
time profile of the detector count rate N(t) is well ap-
proximated by expressions

N (t)= N, exp(—Cy(t)), (1)
y=n" A", 2

where y is the modulating factor; n, A are the monthly
average number of sunspot groups on the disk and the
average solar latitude modulus of these sunspot groups
[https://solarscience.msfc.nasa.gov]; No, C are the con-
stants depending on the energy of detected particles,
with Ny implying the count rate at y=0 unmodulated by
solar activity. Figure 2 compares the behavior of the

count rate Njen' and N at N and C, determined from
the linear regression of InNyw" (t) and w(t) for the

period between HMF inversions in SC 19 and 20
(1960-1968). The RBM data behavior is seen to be well
approximated by expressions (1), (2) (correlation coef-
ficient p=0.91 £0.02 for a series length N=87).
Nonetheless, after the maximum of SC 20 since
1971, the observed RBM count rate sharply went up,
whereas the count rate expected from the behavior of

the factor y increased at about the same rate as in the
early 1960s. Charakhchyan et al. [1973] compared this
fact with the data on the high-latitude SMF inversion
during SC 19 in 1957-1958 [Babcock, 1959] and with
the inversion expected approximately every 11 years
[Babcock, 1961]. This is due to the expected inversion
in SC 20, caused by the weakening of the solar magnet-
ic dipole and hence, as with the terrestrial dipole, the
HMF cutoff rigidity. Now, when it became clear that the
concept of cutoff rigidity is not applicable to the helio-
sphere, we attribute the above effect of the discrepancy
between the observed GCR intensity in the early 1970s
and the expected approximation of observations for the
1960s to the varying shape of the time profile of the
GCR intensity for periods with A<0 and A>0 and to the
transition from a cycle with a slow recovery of proton
intensity after SC maximum (gA< for protons in the
1960s) to a cycle with a rapid increase (qA>0 for pro-
tons in the 1970s). We therefore consider the significant
difference in the rate of intensity recovery after maxima
with HMF inversion with dA/dt<0 and dA/dt>0 to be the
first effect in the GCR intensity behavior associated
with the HMF inversion. Note that attention was first
drawn to the 22-year periodicity in the rate of intensity
recovery after SC maxima by Ahluwalia [1979].

The behavior of the RBM count rate (see Figure 2)
is compared with its approximation according to (1), (2)
not only for the above 22-year period between the HMF
inversions in SC 19 and 21 (1960-1978) with Ny and C
determined for the period with the overall HMF polarity
A<O between the HMF inversions in SC 19 and 20
(1960-1968), but also for the next two 22-year periods
(1982-1999 and 2002-2022) with No and A defined for
the periods with A<Q. The observed behavior of the
RBM count rate in the 1980s is seen to be approximated
by (1), (2) worse than in 1960 (p=0.83 +0.03 at N=87),
although there is a significant excess of the observed
GCR intensity over the expected one according to (1),
(2) a year after the end of the HMF inversion. The dete-
rioration of the approximation is likely to be due to the
very acute time profile of the observed intensity in the
1980s such that other exponents for (2) are required for
its approximation [Bazilevskaya et al., 1995]. Neverthe-
less, for the last 22-year period (2002-2022) the situa-
tion is close to that observed in 1960-1978: a good ap-
proximation of observations in the period with A<0
(p=0.90 +0.02 at N=101) and a systematic (albeit small)
excess of the observed intensity over the approximation
by (1), (2) after the inversion period with dA/dt>0.

In order to emphasize more strongly the difference
between the time profiles of the intensity of nuclei in
periods with A<0 and A>0, Figure 3 illustrates regres-
sion between the RBM count rate and its time derivative
(or the rate of change in the count rate) for the same
three 22-year periods with approximately the same rate.
On the contrary, during periods with A>0, the RBM
count rate first increases rapidly in the range 500700
min-month™, then the rate of its change decreases
sharply, remaining low for some time after reaching
maximum. In general terms, the described behavior of
the RBM count rate and its time derivative corresponds
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Figure 2. Time profiles of monthly average RBM count rate (red line) and its approximation by (1), (2) for periods with A<0

(blue line) for three 22-year cycles. The designations above the

panel and the hatched bands are the same as in Figure 1
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Figure 3. Regression between monthly average RBM count rate, smoothed by 13 points, and its time derivative for three 22-
year periods centered on HMF inversion periods with dA/dt>0 in SC 20 (a), SC 22 (b), and SC 24 (c). Red curves are periods
with A<0; blue curves, those with A>0; black bold curves, an HMF inversion period

to a relatively slow recovery of proton intensity after SC
maximum with an acute time profile of the intensity of
nuclei in periods with A<0; and at A>0, to a faster increase
in intensity after inversion with a relatively flat profile
around the intensity maximum [Jokipii, Thomas, 1981].
Almost simultaneously with the above effect of a
significant excess of the observed intensity over its ap-
proximation by (1), (2) after the HMF inversion in
1969-1971, the second effect in the behavior of GCR
intensity was linked to the HMF inversion — a sharp
change in the energy dependence of the long-term GCR
variation during the HMF inversion [Svirzhevskaya et
al., 1975]. This effect is broadly termed as energy hyste-

resis (EH) because of the fact that a loop, which out-
wardly resembles a loop of magnetic hysteresis, is
formed on plots of the regression between GCR intensi-
ties of low (e.g., recorded in the RBM experiment) and
high (e.g., detected by NM) energies due to this sharp
change in the energy dependence. Note that hysteresis
in the GCR intensity is also often applied to the effects
in comparing the intensity and solar activity characteris-
tics (see, e.g., [Simpson, 1963]). We will refer to the
effect in comparing intensities of differently charged
particles as charge hysteresis (see below).

In fact, the sharp change in the energy dependence
of the long-term GCR modulation during maximum of
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SC 20 was observed in [Lockwood et al., 1972; Burger,
Swanenburg, 1973] earlier than in [Svirzhevskaya et al.,
1975]. Nevertheless, although Lockwood et al. [1972]
attributed this phenomenon to a strong Forbush effect in
June 1969, Svirzhevskaya et al. [1975] considered it as
a manifestation of HMF inversion during this period. In
Figure 4 illustrating this phenomenon, the behavior of
the count rate in the RBM experiment is compared with

the Moscow NM count rate, reduced to Nygy' (t) by

the linear regression for the periods between HMF in-
versions (for the periods of the 1960s, 1970s, 1980s,
1990s, 2000s, and 2010s, the correlation coefficients
are, respectively, p=0.987 £0.003 (N=87), 0.82 +0.04
(N=90), 0.985 +0.003 (N=87), 0.984 +0.003 (N=84),
0.971 +0.006 (N=101), 0.980 +0.004 (N=100)). The
difference between the RBM count rate and the Moscow

NM count rate, reduced to Npg' (t)for the previous

period between HMF inversions, during HMF inversion
characterizes a change in the energy dependence of the
long-term GCR modulation during SC maximum. We
can see (Figure 4) that a really sharp change in the ener-
gy dependence of the GCR long-term modulation for
the pair of RBM and Moscow NM is observed only for
the HMF inversion in SC 20 (1969-1972), with which
this effect was associated [Svirzhevskaya et al., 1975],
and in SC 24 (2012-2014). In the rest of the HMF in-
version periods in SC 21-23, the difference between the

RBM count rates and the Moscow NM count rate, re-
duced to NXsu' (t) for the previous HMPF-inversion-

free period, is insignificant, i.e. there was no sharp

change in the energy dependence of the long-term GCR
modulation during the HMF inversion periods in these
solar cycles.

Another format in which EH is usually visualized is
the regression relationship between count rates of detec-
tor of GCRs having different energies, in particular
RBM and NM experiments. Figure 5 shows these rela-
tionships for the 22-year periods centered on the inver-
sion periods of SC 20-24. There is a sharp change in the
energy dependence of the long-term GCR modulation
during the HMF inversion in SC 20 and a large EH loop
for the corresponding 22-year period. There are also
local loops during maximum intensity of all the cycles,
which arise from the difference between kinetic proper-
ties (first of all, diffusion coefficients and magnetic drift
velocity) of particles of different energies. As for the
periods of GCR intensity minima that occur during sun-
spot maxima and HMF inversion, SC 20 and 24 again
stand out by the scale of the change in the energy de-
pendence of the GCR modulation, but the latter without
a significant EH loop.

Both HMF inversion periods with a relatively sharp
change in the energy dependence of the long-term GCR
modulation (in SC 20 and 24) are the periods with dA/dt
>0, i.e. they are characterized by a transition from the
overall HMF polarity A<0 to A>0. It is interesting to
detail this effect for differential intensities of primary
GCRs (or for mean intensities in fixed ranges of energy
or rigidity), and not only for the integral intensities of a
mixture of primary and secondary particles recorded in
the RBM and NM experiments.
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Figure 4. Time profile of RBM detector count rate (red curve) versus Moscow NM count rate, reduced to NQ";&’” (t) by line-

ar regression for the periods between HMF inversions (blue curve). The designations above the top panel and the hatched bands
are the same as in Figures 1, 2. Black curves indicate extrapolation of the reduced Moscow NM count rate, determined from the

previous period between inversions, for an HMF inversion period
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Figure 5. Regression between RBM and Moscow NM de-
tectors' monthly average count rates, which are smoothed by
13 points, for 22-year periods centered on the HMF inversion
periods in SC 20 (a), SC 21 (b), SC 22 (c), SC 23 (d), and SC
24 (e). Red lines are periods with A<0; blue, with A>0; black
bold lines are HMF inversion periods. Triangles mark the
beginning of each year

There were no reliable systematic measurements of dif-
ferential intensities in wide energy ranges in the period
around the HMF inversion in SC 20 (1968-1971), but in
the period around the HMF inversion in SC 24 (2011-
2014) the experiments PAMELA in 2006-2016 (see
[Adriani et al., 2013; Martucci et al., 2018]) and AMS-
02 from 2011 to the present (see [Aguilar et al., 2018,
2021]) provide such an opportunity.

For this purpose, series of proton intensities in ri-
gidity ranges ~1-2, 2-3, 3-7.5 GV, averaged over Car-
rington or Bartels rotations for June 2006—February
2014 (PAMELA) and May 2011-2019 (AMS-02), have
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been formed from PAMELA [Martucci et al., 2018] and
AMS-02 [Aguilar et al., 2018] data; as well as electron
intensity series in approximately the same rigidity rang-
es and with the same time resolution, from AMS-02
data for May 2011-2017 [Aguilar et al., 2021]. Figure 6
exhibits time profiles of these intensities for 2006-2019.

To the data we have applied the procedure described
above for the analysis of EH based on RBM and NM
data. The proton intensities in the 2-3 and 3-7.5 GV
rigidity ranges were reduced to the intensity in the 1-2
GV range by linear regression at certain time intervals,
and then they were extrapolated to the HMF inversion
period. The results are presented in Figure 7 as obtained
by PAMELA (a) and AMS-02 (b).

Note that the HMF inversion period of interest is
asymmetric with respect to the periods of available
PAMELA and AMS-02 data. Unfortunately, there is no
data for PAMELA for most 2010, and data for 2015
when, according to AMS-02 data (as well as RBM and
NM data), the proton intensity rapidly recovered, has
not been published. Most PAMELA data (for 2006—
2012) refers to the period with the overall HMF polarity
A<O to the inversion period (N=62), for which we have
made the main regression of the high-energy proton
intensity to the low-energy intensity (p=0.990 +0.002,
0.944+0.01 between the intensities of respectively the
second and third rigidity ranges to the intensity of the
first range) and their time extrapolation to the HMF
inversion period. The results of the auxiliary regression
for a short interval N=12, shown by the dotted line, dif-
fer little from the results of the main regression (p=0.95
+0.03, 0.87 +0.07).

Most AMS-02 data (for 2015-2019) relates to the peri-
od with the overall HMF polarity A>0 after the HMF in-
version period (N =65) for which the main regression of the
high-energy proton intensity to the low-energy intensity
and their backward extrapolation to the same period were
made. The corresponding correlation  coefficients
p=0.990+0.002, 0.975+0.006, i.e. the linear regression
between the intensities of low- and higher-energy protons
is good. The AMS-02 data is available only since May
2011, we can therefore estimate the change in the energy
dependence from the data for the period from A<O0 to the
inversion period in order to make a forward extrapolation
of the normalized intensity for the HMF inversion period
per se only for a very short interval 05.2011-2012 (N=9).
Accordingly, the correlation coefficients at regression for
this short (auxiliary) period are low, p=0.8+0.1, 0.6+0.2. A
significant violation of the energy dependence of variations
during the HMF inversion (Figure 7, b) is clearly seen for
forward extrapolation of reduced intensities to the HMF
inversion period and is much less pronounced for back-
ward extrapolation.

Using AMS-02 data [Aguilar et al., 2021], we can
examine EH for electrons as well as the dependence of
the HMF-inversion related effects on particle charge. To
do this, for series of electron intensities in the 1-2, 2-3,
3-7.5 GV rigidity ranges, averaged over Bartels rota-
tions for 05.2011-2017, we have used the procedure
described above for the analysis of EH from RBM and



Moscow NM data, as well as from the proton inten-
sity obtained by PAMELA and AMS-02. The correla-
tion coefficients between the electron intensities of low
and higher rigidities for the main regression period
(N=31) p=0.993+0.002, 0.981+0.007; and for the short

Fifty years of studying the GCR

auxiliary period (N=9), p=0.8+0.1, 0.5+0.3. EH derived
from electron data is depicted in Figure 8, a. Just as for

m 25 !ster !GV?
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Figure 6. Time dependence of proton and electron intensities as derived from PAMELA and AMS-02 experiment data for 2006—
2019. Periods of maximum sunspot activity (time interval between two Gnevyshev peaks [Gnevyshev, 1967; Storini et al., 2003])
and the overall HMF polarity A are shown above the top panel, and the hatched bands mark the HMF inversion period structure
(pink band is pre-inversion; blue, post-inversion, and the period of the HMF inversion per se between them is not hatched [Krainev,
2019]). The scale along the left Y-axis corresponds to the proton intensity; along the right one, to the electron intensity. Red curves
represent intensities of protons and electrons with 1-2 GV rigidity; blue, with 2-3 GV; black, with 3-7.5 GV. For electrons, intensi-
ties are multiplied by the coefficients given near the curves
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Figure 7. Change in the energy dependence of long-term GCR variations during HMF inversion in SC 24 in the intensity of
protons of different energies as measured by PAMELA (a) and AMS-02 (b). The designations above the top panel and the
hatched bands mean the same as in Figure 6. Red, blue, black solid and dotted lines are proton intensities in respectively 1-2, 2-3,
3-7.5 GV rigidity ranges, which are reduced to the intensity in the first of these ranges by linear regression to the time intervals
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Figure 8. Change in the energy and charge dependences of long-term GCR variations during the HMF inversion in SC 24 in
the intensity of protons and electrons of different energies as derived from AMS-02 data. Designations are the same as in Figure
7. Panel a is the same as in Figure 7, b, but for electrons. Panel b displays charge hysteresis during HMF inversion in SC 24. Red,
blue, and black lines with symbols are proton intensities in the 1-2, 2-3, 3-7.5 GV rigidity ranges respectively; lines of the same
color, but without symbols show the electron intensity in the same rigidity ranges, which is reduced to the proton intensity by
linear regression in the time interval indicated by the straight line near the time axis

In Figure 8, b, proton intensities obtained from
AMS-02 data [Aguilar et al., 2021] in the 1-2, 2-3, 3—
7.5 GV rigidity ranges averaged over Bartels rotations
in 05.2011-2019 are compared with electron intensities
[Aguilar et al., 2018] in the same ranges for 05.2011-
2017 after reducing them to proton intensities for a pe-
riod close to the HMF inversion period (N=53). Corre-
lation coefficients p=0.95+0.01, 0.93+0.02, 0.90+0.03.
After the end of the HMF inversion in 2015-2016, the
proton intensity is seen to recover at a rate much higher
than the reduced electron intensity. We call the effect of
significantly different rates of recovery of proton inten-
sity and reduced electron intensity for all the rigidity
ranges under study the charge dependence of long-term
GCR variations after HMF inversion and consider it as
the third effect in GCR intensity behavior associated
with HMF inversion.

In the behavior of GCR intensity as derived from
RBM and NM data (see Figure 1, e; Figures 2-5), sig-
nificant variations during most HMF inversion periods
can be seen approximately in antiphase with variations
in the sunspot area and HMF intensity visible in Figure
1, a, d. In PAMELA and AMS-02 data (see Figures 6—
8), there are also significant variations in the intensity of
both protons and electrons during the HMF inversion in
SC 24. In [Astaf'eva et al., 1997; Bazilevskaya et al.,
1998; Storini et al., 2003], these variations are attributed
to the so-called Gnevyshev effect, observed for the first
time as a sharp weakening of solar activity and charac-
teristics of solar cosmic ray flares during SC maxima
[Gnevyshev, 1967]. As a result, there are two peaks
with a dip between them in these characteristics. Ac-
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cordingly, two dips with a peak in between are formed
in the GCR intensity. Note that in the GCR intensity the
Gnevyshev effect is observed not only in long-term, but
also in shorter-period variations (in day-to-day varia-
tions, in 27-day variations) [Bazilevskaya et al., 1998].
In a number of papers [Krainev et al., 1999, 2015], we
have assumed that this effect is due to the HMF inver-
sion during this period, and consider the Gnevyshev
effect as the fourth effect in GCR intensity behavior
associated with HMF inversion.

3. DISCUSSION

Since the 1970s, a lot of observational, theoretical,
and computational works have been devoted to the
study of 22-year effects in GCR intensity (see [Pot-
gieter, 2013] and references therein), but most atten-
tion has been concentrated on the periods of medium
and low sunspot activity. It must have been assumed
that during these periods the 22-year effects in the
GCR intensity should be maximum, and during peri-
ods of maximum sunspot activity with the strongest
and most disturbed HMF the change in the polarity of
its regular component during the short phase of the
HMF inversion per se (about a year) should not play a
big role in long-term GCR variations.

In this paper, firstly we extend the time period in
which the phenomena in the GCR intensity associated
with HMF inversion are investigated. As it is clear from
the previous section, the first and third effects in the
GCR intensity, which we associate with the HMF inver-
sion, refer to the rate of intensity recovery during about
two-year period after the end of the HMF inversion last
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phase. The first effect consists in the dependence of the
rate of intensity recovery during this period for particles
of the same charge on HMF inversion type (dA/dt>0 or
dA/dt<0). The third effect, on the contrary, implies the
particle charge dependence of the rate of intensity re-
covery during the same period after the end of the HMF
inversion of the same type. Recall that despite its being
outside of all three HMF inversion phases the above
two-year period belongs to the SC interval with a high
degree of HCS waviness (quasi-tilt aq >30°), when,
according to the results of GCR intensity simulation, the
influence of the 22-year cyclicity factors (primarily
magnetic drift of particles) is insignificant compared to
diffusion [Potgieter, 2013]. As already mentioned, we
believe that heliospheric processes, including the GCR
intensity modulation, are affected during this time peri-
od by HMF inversion details rather than by the degree
of HCS waviness. At the same time, it is clear that phe-
nomena in the time interval of interest are important for
understanding the behavior of GCR intensity during SC.
For example, when discussing the shape of the time
intensity profile depending on the overall HMF polarity
A, by acute-angled and plateau-shaped cycles is meant
only part of the cycles around SC minimum. In general,
for particles with a charge g during periods gA>0, the
plateau-shaped part of the time profile, when the GCR
intensity varies little with time, is preceded by an inter-
val of a very rapid intensity increase, and during periods
gA<0, the acute-angled part of the time profile, when
the GCR intensity increases to maximum values, is pre-
ceded by an interval with approximately the same rate
of intensity increase. In both cases, the behavior of the
intensity during these periods of relatively high solar
activity and degree of HCS waviness (a4>30°) is condi-
tioned by the processes we attribute to the previous
HMF inversion.

Secondly, we believe that although during maximum
sunspot activity and HMF inversion its intensity is on
average significantly higher than during SC minima,
regular HMF is topologically still determined by poloi-
dal SMFs and the inversion of the latter should manifest
itself at least in short-term decreases in the HMF
strength. These manifestations of HMF inversion in-
clude the Gnevyshev effect in the sunspot activity level
and HMF intensity (Figure 1, a and d), and the corre-
sponding GCR intensity variations (approximately in
antiphase with S and B"™) clearly seen in Figure 1, e,
as well as in different formats in Figures 2—-8. We assign
these GCR intensity variations to the fourth effect relat-
ed to HMF inversion. Finally, the HMF strength varia-
tions caused by the Gnevyshev effect should lead to
variations in Kinetic characteristics — first of all, the
diffusion coefficients and the magnetic drift velocity of
particles of different energies, which should be mani-
fested in violation of energy dependences of long-term
GCR variations. We have discussed this phenomenon
above as a sharp change in the energy dependence of
long-term GCR variations and consider it as the second
GCR intensity effect associated with HMF inversion.

As for the GCR intensity effects, formulated in the
previous section, which we associate with HMF inversion,
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we would like to note first the qualitative nature of the
formulations. The quantitative characteristics of each of
the effects vary significantly from cycle to cycle and
depend on the GCR intensity data series selected for
analysis. We see two main reasons for this situation.
First of all, solar cycles really differ greatly. The second
reason is related to the properties of available data se-
ries. Of the six HMF inversions that occurred during the
regular GCR monitoring the first five (at maxima of SC
19-23) were observed mainly in ground-based experi-
ments on measurements of energy-integrated mixture of
primary and secondary particles, generated in the at-
mosphere by a GCR nuclear component, as well as on
extraterrestrial measurements of primary GCRs of sig-
nificantly shorter duration in relatively narrow energy
ranges. During the last HMF inversion (during maxi-
mum of SC 24, 2011-2014), the PAMELA and AMS-
02 experiments opened up an opportunity to study the
behavior of the differential intensity of particles of dif-
ferent types and charge. However, due to the imperfect
arrangement of the periods of available PAMELA and
AMS-02 data relative to the HMF inversion period, re-
lationships between some intensity characteristics have
to be studied using short series. But it is difficult to
judge the significance of the correlation coefficients by
their error, calculated as 8p=(1—p?)/(N-1)*®, at a short
length of the compared series (for example, N=9 or
N=12), and a more rigorous analysis is required to draw
conclusions about the reliability of the correlation found
between these series (see [Fisher, 1958]). If due to
AMS-02 the possibility of studying the behavior of the
differential intensity of particles of different types and
charges still exists for the next 2-3 years, for the current
period of HMF inversion in SC 25, which began at the
end of 2022, we can hope that the formulated effects
will be detailed and possibly corrected.

Because of the complex relationships in the Sun—
heliosphere—GCR system, there is no complete agree-
ment even among the authors of this article on the ques-
tion of what causes some GCR intensity effects we as-
sociate with HMF inversion. In Section 2, the first effect
in the behavior of GCR intensity during HMF inversion
is formulated as a significant difference in the rate of
intensity recovery after HMF inversions with dA/dt>0
and dA/dt<0. Nonetheless, the very fact of a good de-
scription of the time profile of GCR proton intensity by
expressions (1), (2) in periods A<0 (this acute-angled
profile is usually attributed to the dependence of intensi-
ty on the degree of HCS waviness o [JOKipii, Thomas,
1981]) may be due to the dependence of o 0N sunspot
activity level and sunspot latitude (see [Bazilevskaya et
al., 1995]). Moreover, we assume that the indicated dif-
ference in the rate of intensity recovery after HMF in-
version in successive cycles is determined by the mech-
anisms that are well-known and usually involved in
analysis (first of all, magnetic drift of particles), and the
dependence of the recovery rate on particle charge (the
third effect in our list) seems to confirm this. However,
for more than fifty years there has been a viewpoint that
the mode of reconnection between the heliospheric and
galactic fields, which can additionally affect the rate of
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intensity recovery after HMF inversion, depends on the
overall HMF polarity [Schatten, Wilcox, 1969; Na-
gashima, 1977; Stozhkov et al., 2022]. Finally, although
in Section 2 we associate the Gnevyshev effect in GCR
intensity (the fourth effect in our list) with HMF inver-
sion, analysis of various solar, heliospheric, and geo-
physical data suggests that the Gnevyshev effect may be
a manifestation of a quasi-two-year variation in solar
activity [Vecchio et al., 2010; Bazilevskaya et al., 2015;
Adriani et al., 2018]. Note also that the quasi-two-year-
type GCR intensity variations or the Gnevyshev effect
are sometimes associated with global variations in HMF
strength [Cane et al., 1999], which is close to our under-
standing of the Gnevyshev effect, or with the formation
of barriers with enhanced HMF on the periphery of the
heliosphere, which are formed when several coronal
mass ejections merge [Potgieter, Le Roux, 1989].

Considering all four effects that we relate to HMF
inversion allows us to combine them into two pairs. The
first and third effects are intended to describe the rate of
intensity recovery after inversion at SC maximum; the
first effect can be formulated as a dependence of this
rate on the sign of the overall HMF polarity A during
the period after inversion (or on the dA/dt sign for HMF
inversion) for particles with the same particle charge;
the second, as a dependence of the intensity recovery
rate on particle charge for the same dA/dt sign for HMF
inversion. At least qualitatively these two effects can be
formulated as a dependence of the intensity recovery
rate after HMF inversion on the gA sign in the period
after HMF inversion or the qdA/dt sign for HMF inver-
sion. Note, however, that the dependence of the intensi-
ty recovery rate after SC maximum and HMF inversion
on particle charge has been reliably observed so far only
for SC 24. It is therefore desirable to test this regularity
on the behavior of differently charged particles, record-
ed, for example, with high statistical accuracy in the
AMS-02 experiment, during the period including the
inversion in SC 25 and two years after it.

The second and fourth effects that we associate with
HMF inversion represent the HMF inversion period per
se, and a sharp change in the energy dependence of
GCR intensity variation may be related to a variation in
the regular HMF strength due to the Gnevyshev effect
in this characteristic [Krainev, 1983; Krainev et al.,
1984; Krainev et al., 1983a, b, 2015]. This assumption
is supported by the fact that in the first approximation
the intensity behavior during this period is the same for
protons and electrons (see Figures 6 and 8, b and [Burger,
Swanenburg, 1973]). Note, however, that the status of
these two effects under discussion (a sharp change in
the energy dependence of the GCR intensity variation
and the Gnevyshev effect in this intensity) is different.
If the Gnevyshev effect, i.e. significant intensity varia-
tions approximately in antiphase with variations in the
sunspot area and the HMF strength, is observed for al-
most all the HMF inversion periods considered above, a
sharp change in the energy dependence of the GCR in-
tensity variation is clearly seen only for the HMF inver-
sion periods in SC 20 and to a lesser extent in SC 24.
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Note that such a representation of the GCR intensity
effects associated with HMF inversion fits the scheme of
two consecutive phenomena in GCRs during this period,
which we have proposed earlier in [Krainev, 1983;
Krainev et al., 1984; Krainev et al., 1983a, b; Krainev et
al., 1985], when there were still no systematic measure-
ments of electron intensity (other than those given in
[Burger, Swanenburg, 1973]). We have assumed that the
first of these phenomena does not depend on HMF inver-
sion type and particle charge, and the second depends on
dA/dt sign. Now, having much more reliable data on elec-
tron intensity [Aguilar et al., 2018], we can conclude that
the second phenomenon depends on qdA/dt sign. In
[Krainev et al., 2015], the first phenomenon was associ-
ated with the Gnevyshev effect; it was noted that both
phenomena have a 22-year periodicity, i.e. they are well
manifested during HMF inversion with dA/dt>0, i.e. in
SC 20, 22, 24. This conclusion was, however, made by
extrapolating the regression relationship between the
count rates derived from RBM and Moscow NM data,
which was determined for a narrow regression interval
(1-2 years), to an HMF inversion period. It is not yet
clear why in determining this regression relationship be-
tween successive HMF inversions over the entire interval,
as has been done in Section 2, all these phenomena are
most pronounced only in the first and last HMF inver-
sions (in SC 20 and 24).

Detailing the behavior of HMF intensity during the
inversion periods of the last five cycles with identifica-
tion of individual effects, the results of which are re-
ported in this paper, differs significantly from the ap-
proaches adopted by other researchers (see, e.g., [Aslam
et al., 2023]). This may just be due to our interest in this
particular SC phase since the very discovery of the first
manifestation of the 22-year solar cyclicity in GCR in-
tensity fifty years ago [Charakhchyan et al., 1973].

We are grateful to all the teams of researchers who
present their results on the Internet. The discussion with
Yu.l. Stozhkov, one of the main authors of the first de-
tection of 22-year effects in GCR intensity, was useful
and interesting. Mikhailov V.V. acknowledges the sup-
port from the Ministry of Science and Higher Education
of the Russian Federation (Government assignment,
Project “Fundamental and Applied Research of Cosmic
Rays”, No. FSWU-2023-0068).
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