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Abstract. The work studies the cumulative modulat-
ing effect of the geometry of the interplanetary magnetic
field’s neutral current sheet and solar activity on propa-
gation of galactic cosmic rays in the heliosphere. The
role of each factor on the modulation of cosmic rays is
estimated using a method of main components. The
application of the method to experimental data on solar
activity, to the tilt angle of the neutral sheet, and cosmic
ray intensity for a long period from 1980 to 2018 allows
us to reveal the temporal dynamics of roles of these

factors in the modulation. The modulation character is
shown to strongly depend on the polarity of the Sun’s
general magnetic field. Results of the study confirm the
existing theoretical concepts of the heliospheric modula-
tion of cosmic rays and reflect its peculiarities for al-
most four full cycles of solar activity.
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INTRODUCTION

Galactic cosmic rays (CRs) recorded by ground-based
detectors reflect the large-scale oscillation of the helio-
sphere. Long-term observations of CRs have shown that
their intensity experiences 11-year oscillations, which neg-
atively correlate with solar activity (SA). Moreover, the
behavior of these oscillations depends on the polarity of the
general magnetic field of the Sun (GMFS) and is different
in even and odd SA cycles.

For a long time, it was thought that SA had the main
modulating effect on CR propagation in the heliosphere.
In recent decades, it has, however, been found that
along with SA CRs are modulated by the large-scale
geometry of the neutral current sheet (NCS) of the in-
terplanetary magnetic field (IMF). This most likely oc-
curs due to the CR drift along the current sheet. Indeed,
the existing theoretical models of CR drift in the helio-
sphere [Kota, Jokipii, 1983; Burger, 2012] suggest the
existence of a relationship between the CR intensity and
the NCS geometry, namely: for the negative polarity of
GMFS (gA<0), the relationship between the CR intensi-
ty and the NCS tilt angle should be significantly closer
than that for the positive polarity (gA>0). A qualitative
comparison between a theoretical model and experi-
mental data also confirms the above assumption [see,
e.g. Potgieter, Moraal, 1985; Smith, Thomas, 1986;
Reinecke et al., 1990]. The effect of the relationship
between the NCS geometry and the SA level on the CR
modulation level can significantly vary from cycle to
cycle. Monitoring of this relationship is of particular
interest for the study of the temporal dynamics of the
heliospheric CR modulation. At present, the existing
sufficiently long series of experimental data on helio-
spheric and CR parameters provides such an opportunity.

One way to study the relationship between the ob-
served CR intensity and various solar and heliospheric
parameters is a correlation analysis. The method allows
us to determine the role of each parameter in CR modu-
lation; and in the case of cross-correlation analysis, to
also take into account the delay or advance of CR re-
sponse. For example, Usoskin et al. [1998] have exam-
ined the CR intensity dependence on the SA level; and
El-Borie, Hamdy [2018], on the NCS tilt angle. Paouris
et al. [2012] have studied the CR intensity dependence
on SA indices and heliospheric parameters and have
obtained an empirical model consisting of a combina-
tion of different heliospheric and solar parameters and
capable of describing the observed intensity fairly accu-
rately. In particular, it has been found that the best
agreement between the model and the experiment is
achieved with the following parameters: sunspot num-
ber, index of coronal mass ejections [Mavromichalaki et
al., 2007], IMF strength, and NCS tilt angle. According
to the results obtained in the above mentioned and other
works (e.g., [Krainev, 2012; Gupta et al., 2006]), the
key global heliospheric parameter modulating galactic
CRs, along with SA, is the NCS geometry.

In this paper, we investigate the period from solar
cycle 21 to 24. Characteristics of SA temporal devel-
opment during this period are briefly described in [Ish-
kov, 2018, 2013]. The author indicates that in general
the last four SA cycles have the following features: so-
lar cycles 21and 22 are characterized by increased SA,;
in solar cycles 22 and 23, the Gnevyshev-Ohl rule was
violated: SA in cycle 22 became higher than in cycle 23;
solar cycle 23 was the longest and lowest in the last cen-
tury; solar cycle 24 appeared to be even lower than cycle
23 — it is considered to be the beginning of the epoch of
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low SA [Ishkov, 2018]. The above facts indicate the global
transition period of SA, which should be reflected in GCR
modulation in the heliosphere.

The situation is somewhat different for the NCS ge-
ometry. According to estimates made at the Wilcox Solar
Observatory [http://wso.stanford.edu/gifs/Tilts.gif], the
NCS tilt angle in solar cycles 21-24 does not vary much
from one cycle to another in contrast to the sunspot num-
ber. In particular, the NCS tilt angle is minimum during
solar minima (~5°) and maximum during solar maxima
(~75°). It should, however, be noted that unlike previous
cycles in cycle 23 the decrease in the NCS tilt angle last-
ed for a longer time.

Krymsky et al. [2001a, 2001b], using the method of
main components, have demonstrated the role of the
NCS geometry in the heliospheric CR modulation rec-
orded at the neutron monitor stations in Rome, McMur-
do, and Tokyo in 1982-1988 (gA<0) and 1992-1998
(gA>0). It has been found that the CR dependence on
the NCS tilt angle increases when gA<0 (1982-1988)
and decreases when gA>0 (1992-1998). This behavior
is confirmed by theoretical calculations [Krainev, Kali-
nin, 2013]. Nevertheless, despite the uniqueness of the
picture, it is worth noting that at that time only solar
cycles 21 and 22 were studied, and today the series of
experimental data has been supplemented with data on
cycles 23 and 24. Given the fact that the last cycles were
truly anomalous, of great interest is the application of
the approach used in [Krymsky et al., 2001a, b, c] to
them.

METHOD OF ANALYZING

THE DEPENDENCE OF COSMIC
RAY MODULATION

ON SOLAR ACTIVITY LEVEL
AND NEUTRAL CURRENT SHEET
DEFORMATION

The difference between this work and the majority
of works is in the use of the method of main (principal)
components, which can exclude mutual correlations of
the parameters under study. Considering that almost all
solar and heliospheric parameters in some way depend
on each other, their mutual correlation complicates the
identification of the dominant factor in GCR modulation.

In this paper, we suppose that the major global heli-
ospheric factors are the SA level and the NCS form. As
the experimental data on the SA level we have used data
on the sunspot number W provided by the World Data
Center SILSO [http://www.sidc.be/silso/DATA/SN_m_
tot_V2.0.txt], and have determined the NCS geometry
from its tilt angle y, using calculations made with the
classical model at the Wilcox Solar Observatory (for
more detail, see [http://wso.stanford.edu/ Tilts.html]).
We assume that all other factors have a smaller effect
and therefore can be neglected.

The GCR intensity | has been obtained from data
from the neutron monitor at the Oulu station (65.05° N,
25.47° E, Re~0.8 GV, the data is available at the website
[https://cosmicrays.oulu.fi]) over the period from Janu-
ary 1982 to December 2018. This data (Figure 1) covers
the last four SA cycles and two solar magnetic cycles.

Let us explain the principle of the method of main
components, which takes into account the proportionality
coefficient k = tana relating both the factors by the relation
1= kW. To exclude the mutual dependence of  and W, we
go over to new variables:

y'=cosa — Wsina, 1)
W' = ysina — Weosa, 2

which do not correlate. Then, establishing a relation

between I, =B;x" and 1, =B, find
1(y, W) = By + B2W + const,

B, =B;cosa+p;sina, B, =—P; sina+p, cosa,

3)
(4)

where B1 and B, are proportionality coefficients [Krym-
sky et al., 2001 a, b]. The recovered intensity I1(y, W)
represents the CR intensity arising from CR modulation
by x and W. The narrower the spread of points between
the recovered and observed CR intensities, the more
confidently we can say that only these two parameters
are fundamental in the heliospheric CR modulation. The
correlation coefficients Ry and Rw between the recov-
ered intensity I(y, W) and the parameters y and W re-
spectively are useful as a measure of modulation effi-
ciency of SA level and NCS form.

For the successful application of the method, we
have to exclude GMFS polarity reversal periods from
processing because at these moments owing to strong
fluctuations on the Sun we cannot correctly estimate the
contribution of the modulating factors. Furthermore, to
trace the dynamics of the aggregate effect of the ana-
lyzed parameters y and W on the CR intensity from cy-
cle to cycle, we have separately examined periods of SA
decrease and increase. As a result of this separation, we
have considered four periods of SA decrease and three
periods of SA increase for 1982-2018, which are listed
in Table. It can be seen that the length of each period is
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Figure 1. GCR intensity recorded at the Oulu station 1/laver for
1982-2018 (top panel, red squares); CR intensity I(y, W) restored
from Equation (3) (top panel, solid black curve). Sunspot number
derived from data available at
[http:/mww.sidc.be/silso/ DATA/SN_ m_tot V2.0.txt] (bottom
panel). Numbers of SA cycles and GMFS polarity are shown at
the bottom of each panel. Periods of polarity reversal are marked
with shaded areas
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3-5 years. The choice of such short periods is dictated
by the purpose of the work — to study the role of the
above factors in different SA phases. It should be under-
stood that in this case the accuracy of the results inevi-
tably decreases. Nevertheless, we believe that the appli-
cation of the method with the decreased accuracy of the
results still allows us to achieve the purpose.

RESULTS AND CONCLUSIONS

Figure 2 shows the relationship of the CR intensity
I(x, W), restored from Equation (3), with the NCS tilt
angle x and sunspot number W during the descending
and ascending phases of SA in cycles 21-24. Table pre-
sents the correlation coefficients R and Rw and the pro-

portionality coefficients 1(x,W)/x and 1 (3, W)W

calculated for the above periods. Figure 2 and Table
suggest that during the four SA cycles the relationship
between I(y, W) and both the parameters y and W is fair-
ly close: linear correlation coefficients Ry and Rw have

quite high values from 0.87 to almost a strictly linear
dependence. We can see in this case that the relationship
between Ry and Rw changes in a certain way depending
on GMFS polarity and SA phase. Firstly, in all the three
periods of SA increase Ry> Rw. Secondly, during peri-
ods of SA decrease the relation between these coeffi-
cients is ambiguous: at gA<0 Ry>Rw, whereas at gA>0,
on the contrary, Ry<Rw. The relation Ry>Rw suggests
that the NCS form dominates over SA in CR modula-
tion and, vice versa, R,>Rw indicates the dominant role
of SA. According to the current theory, when gA<0 CRs
drift from low heliolatitudes along NCS and hence the
role of the NCS form in CR modulation grows, and
when gA>0 CRs drift primarily from high heliolatitudes,
thereby reducing the interaction between CRs and NCS
and increasing the SA role in CR modulation [Krymsky
et al., 2001a; Kota, Jokipii, 1983; Burger, 2012; Pot-
gieter, Moraal, 1985; Smith, Thomas, 1986; Reinecke et
al,. 1990; Krainev, 2012].

Table

GMFS polarity, correlation coefficients Rx and Rw, and percent of recovered CR intensity 1(y, W) (%) relative to the sunspot
number W and NCS tilt angle y for descending and ascending phases of SA for 1982-2018

. GMFS polari-
No. | Period, year t; R« Rw ](X’W)/X,%/deg [(X’W)/W’%/u
1 1982-1985 A<O —0.997+0.011 | —-0.866+0.072 -0.25 -0.05
<
2 1986-1988 a —0.999+0.003 | —0.933+0.060 -0.19 -0.05
3 1992-1996 A0 —0.868+0.064 | —0.990+0.018 -0.30 -0.06
4 1997-1999 q —0.999+0.004 | —0.873+0.081 -0.10 -0.04
5 2004-2008 A<O —0.965+0.034 | —0.904+0.055 -0.45 -0.13
6 | 20092011 g ~0.999+0.003 | —0.874+0.081 ~0.14 ~0.06
7 2015-2018 gA>0 —0.936+0.051 | —-0.986=+0.024 -0.26 -0.12
% deg.
o0 30 60 0 30 60 0 30 60 0 30 60
*.\ T T T ‘! T T a .; T
:’0 ® %.*. .2' c.’..\
.... L (
o— _10_ 4 o L '“. o I % o . el
= SefN : =
-20 [qA<0 7 [qA<0 7 [9A>0 7 [9A>0 )
1982-1985 1986-1988 1992-1996 1997-1999
0 60 120180 O 60 120 180 0 60 120 180 0 60 120 180
W, units
1, deg.
o0 60 0 30 60 0 30 60
& ‘.g\x T T
A ®, S,
= ° o ~¢ .
K oapl ke W L e WL TN AR
: X
£ ‘\.
=0 [qA<0 [gA<0 1 [aA>0 1
2004-2008 20092011 2015-2018
0 60 120180 0 60 120 180 0 60 120 180
W, units

Figure 2. Recovered CR intensity I(y, W) versus sunspot number W (blue circles) and neutral surface tilt x (red circles) during

periods of SA decrease and increase for 1982-2018
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We can conclude that the results of calculations we have
obtained are in general agreement with concepts of the
CR drift motion in the heliosphere except for the period
of SA increase in 1997-1999, where, contrary to expec-
tations, Ry>Rw. This is likely due to the following cir-
cumstances: firstly, the selected period is short enough;
secondly, in this work we ignore the known fact of de-
lay of CR response to variations in heliospheric parame-
ters (see, e.g., [Usoskin et al., 1998; Tomassetti et al.,
2017, Mavromichalaki et al., 2007, Iskra et al., 2019]).
It is, however, impossible to choose a longer period
since its extension toward SA maximum would enhance
the distorting effect of sporadic solar wind streams. As
for the impact of the delay, the preliminary calculations
we have made under the assumption that the delay time
is about one year did not significantly change the over-
all picture. On the other hand, among the periods con-
sidered this period is the only period of SA decrease
when gA>0. To give an unambiguous answer to this
question, it is necessary to wait for the next similar pe-
riod — the beginning of solar cycle 25.

The proportionality coefficients 1(y,W)/y and

I (x,W)/W listed in Table reflect the relationships of

the recovered CR intensity with the NCS form and the
SA level respectively. These coefficients are seen to

exhibit the following behavior: | (XW)/X has different

values during different SA phases — its value during
SA decrease is always higher than during its increase

and varies within 0.1-0.45 %/deg.; I (x,W)/W has an

average value close to 0.05 %/u, but during some peri-
ods it sharply increases 2—3 times. Table shows that the
last two SA cycles feature increased coefficients as op-
posed to the previous ones.

The SA minimum between cycles 23 and 24 is the
period of unusually long weakening of the heliospheric
CR modulation during which the CR intensity reached
maximum values over the entire period of ground-based
observations [Zhao et al., 2014; Gushchina et al., 2014].
We can assume that the overestimated proportionality co-
efficients obtained in the last two SA cycle are associated
with the filling of the modulating volume of the helio-
sphere by galactic CR in conditions of prolonged low SA.
Such filling occurs by inertia, and hence the longer the low
SA level the higher the CR intensity.

CONCLUSION

Using the method of main components, we have
studied the aggregate effect of the SA level and the IMF
neutral surface tilt on GCR modulation in the helio-
sphere in certain periods of the last four solar cycles.
We have shown that when qA<0 the CR modulation is
predominantly determined by the current sheet geome-
try; and when gA>0, by the SA level. These results con-
firm the current theoretical concepts of the CR drift mo-
tion in the heliosphere. We have obtained a result that is
not consistent with the theory — during the ascending
phase of SA when gA>0 the CR modulation occurred
mainly due to changes in the NCS geometry. This fact
requires further study.

The work was performed within the framework of
budgetary theme AAAA A17-117021450058-6. We thank
researchers of the Wilcox Solar  Observatory
[http://wso.stanford.edu], the World Data Center SILSO
[http:/Amw.sidc.be/silso/DATA/SN_m_tot V2.0. txt], CR
station of the University of Oulu and Sodankyla Geophysi-
cal Observatory [https://cosmi-crays.oulu.fi] for providing
the data.
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