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Abstract: . Recent years have given us the opportunity to explore the long-term behavior of the cosmic ray (CR)
intensity in the unusually deep solar activity (SA) minimum between the 23rd and the 24th cycles and during
the ascending phase of the SA in the 24th cycle, the lowest cycle over the history of regular observations of
cosmic rays. During the unusually prolonged minimum SA in CR observed maximum CR intensity (in 2009)
exceeds the previous maximums value of CR in 19-23 cycles for small energy particles (observed by satellites and
stratosphere) and medium energy (observed by neutron monitors). After 2009, the CR modulation in the phase of
growth of the SA for three years (2010-2012) are much weaker than the modulation in the corresponding periods
of the previous cycles SA. Some possible reasons for this anomalies in CR variations are discussed.
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1 Introduction
The main features of continuous changes of solar magnetic
fields are the 11- and 22-year cycles which significantly
differ from each other on a phase, intensity etc. Changes of
solar magnetic fields through a solar wind create various
types of variations of the cosmic rays (CR). Also as well as
on the Sun in cosmic rays all cycles are various, everyone
possesses its own not repeating features. It is possible to
speak about it rather surely as long-term variations of CR
are studied long time: since 1936 by the data of ionization
cameras, and since 1951 according to neutron monitors.

From a cycle to a cycle average modulation of CR -
the parameter, capable to characterize a cycle as a whole
- considerably changes. Variations of CR in a cycle are
even more individual. In recent years the behavior of CR
especially strongly differs from that we saw earlier. First,
unusually low minimum of solar activity in 2007-2010
caused the record growth of density of CR. Apparently,
never before (over the regular observations) it was not so
close to the out of heliospheric level. Secondly, it is also
surprising the unusually weak modulation of CR in the
phases of growth and maximum of the current 24th cycle
SA. In present work we study these features and we compare
variations of CR in recent years to variations at 19-23 solar
cycles.

2 Data
The present research continues a series of earlier presented
works [for example,[1], [2],[3],[4]] where the description
of long-term modulation of CR performed using a multi-
parameter model in which characteristics of SA are linearly
connected with amplitude of the CR variations. Basic data
for modeling of variations of CR are measurements of the
CR intensity, the characteristic of a global magnetic field
of the Sun and data on solar activity. The spectrum of long-
term variations of CR for 1953-2012 is calculated by earlier
offered technique [5] on the basis of all available informa-
tion on the intensity of the space radiation received at its

registration by the ground level network of neutron moni-
tors (NM) (∼40 monitors) and when sounding stratosphere
in three points [6]. The further analysis is made on average
monthly values of variations of intensity of CR with rigidity
10 GV (A10 in % to 2009 mean).

As variations of CR observed at Earth are integrated re-
sult of the numerous solar phenomena, the reliable empiri-
cal model of the CR behavior has to unite at least several
solar indexes. The choice of parameters of a solar magnetic
field for the empirical description of cycles in CR is justi-
fied in works [2], [3] [4]. As an indicator of global process-
es on the Sun the characteristic of polar magnetic fields of
the Sun of Hpol (the size and the field direction) and two
characteristics of large-scale fields - the integrated energetic
index Bss (a square radial components of the magnetic field,
averaged on the sphere of the fixed radius), and η the tilt of
heliospheric current sheet are used. Monthly mean values
of these parameters are calculated on surfaces of a source of
a solar wind. Characteristics of a field are calculated from
the results of direct observations in solar observatories s-
ince 05.1976 to the present, and to 1976 are added with
indirect observations of magnetic fields and processed by
techniques [7],[8]. In the performed analysis impact of the
transient solar phenomena on CR is described with the help
of: a) index of solar flares xf for 1976-2012, accounting the
power of x-ray flare (were selected flares ≥ M1); b) and
for 1996-2012 Pi indexes in which definition the number of
coronal mass emissions (CME) for a month and the average
speed of plasma were considered [9]. For the early period
(to 1976, when calculation of the CME-index and an index
of x-ray flares was impossible), in model of modulation of
CR the NSSC index was used, the number of geomagnetic
storms with the sudden commencement, reflecting the solar
wind disturbances propagating in a heliosphere. We have
to note that in solar cycles the listed above indexes behave
differently, it gives the chance to hope that at creation of
model at indexes supplementing each other we can receive
a full picture of modulation of CR in SA cycles. In figure 1
expected and observed CR variations for rigidity of parti-



Gushchina et al. Cosmic ray modulation at the solar activity minimum and ascending phase in the 24th cycle
33RD INTERNATIONAL COSMIC RAY CONFERENCE, RIO DE JANEIRO 2013

cles 10 GV on 19-24 cycles and the contributions of differ-
ent indexes to CR modulation are presented.

Fig. 1: CR modulation in 19-24 cycles of solar activity.

2.1 Ascending phase in the 24th cycle
In February 2012 by data on smoothed sunspot number
and a radio emission flux on a wave of 10.7 cm the curren-
t 24th solar cycle passed the first, and, most likely, main
maximum. Now (April - May 2013) values of Wolf num-
bers increase again, designating, probably, the second peak
in development of the current solar cycle. But, most like-
ly, ascending phase of the current cycle becomes record-
breaking short for low solar cycles. Modulation of CR in
a considered cycle reached, apparently, a maximum and
this maximum is at the level of the minimum modulation in
other cycles (for example, the 20th and the 22nd).

Let’s compare variations of CR during an era of growth
and a maximum of the current 24th cycle with long-term
variations in different eras of 19-23 cycles. Changes of
average value of the CR variation for each cycle, the
magnitude which can be considered as the characteristic
of power of CR cycle, show that each cycle is individual.
The deepest modulation [10] is observed in the 22nd cycle
(7.3% on yearly smoothed values of density variations),
minimal CR modulation was in the 20th cycle (3.1%), and
in three other odd cycles modulation consistently decreases
(the 19th - 7.0%, the 21st - 6.3% and the 23rd - 4.6%). To
this moment CR modulation is very low, obviously less than
in preceding cycles ( figure1).

The analysis of the 24th cycle, the lowest over the history
of CR observations, allows to assume that the small depth
of modulation is explained not only by weak SA and
respectively small values of modulating characteristics, but
also smaller efficiency of their impact on CR. Comparison
of observed and model values of CR density (figure1) shows
that if efficiency of indexes didn’t change, modulation depth
in the last 2 years (since 2010) would be more. Efficiency
reduction for the main modulating index, a tilt of a current
sheet (HCS)η , is especially obvious. Regression coefficient
for η in model of the 24th cycle (figure2) is of 0.05% /◦. It
is 2-3 times less, than during earlier cycles (for example,
for the 20th-0.16%/◦, for 22-0.14%/◦, and for the entire
period of 1957-2012-0.12% /◦). Although the HCS tilt η

in the 24th cycle changes within a wide range (from 11,5
◦ in the beginning of cycle up to ≥ 70◦ since 04.2012) its
influence on the CR intensity occurs with less efficiency
than in other cycles. Contribution to the general modulation
from changes η in a maximum of the 24th cycle of 4.5%
that is twice less, than a contribution from change in the

Fig. 2: (a) Indexes SA: Hpol, hcst (η ), Bss, xf (in arbitrary
units) in 2008-2012; (b) CR variations (model and observa-
tions) in 2008-2012- down panel; contribution into modula-
tion from presented above indexes - upper panel.

same limits of this parameter in the previous 20th and 22nd
even cycles (figure3) .

Fig. 3: CR variations (model and observations)on the
growth phase of SA in the 20th and 22nd cycles and the
contributions to modulation from different indexes.

As for impact on CR during the ascending phase of SA
in the 24th cycle of large-scale magnetic fields on the Sun
(Bss index), it is obviously lowered (fig. 2) in comparison
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with the previous cycles in similar phases of growth of SA.
It is generally caused by decrease in the Bss value.

Concerning the indexes used for the account in modu-
lation of CR of short-term local SA we should note that
their contribution to modulation in the current cycle makes
slightly ≥ 1%, while in other cycles, for example at 21-23
cycles, its size reaches 5-10%.

Low depth of modulation in 24th cycle should try to
be explained with features of solar activity during this
period or with condition of a heliosphere at the beginning
of a new cycle. In a number of works residual modulation
for the different periods round minima of 19-22 cycles is
defined [11], [12], [13]. The last minimum of solar activity
and record growth of density of CR at Earth creates new
opportunities for definition of residual modulation δ0. In the
present work δ0 was defined for the separate periods 8-10
years round minima of 19-24 cycles. It was supposed that
in the regression equation residual modulation is defined
by the free term. This parameter obtained in our model
for the period round a minimum of 1964 δ0 = 3.7±0.6%
that is close to the value defined in [13], where δ0 = 3.6±
0.5%. Residual modulation around minimum of 1976 in
our calculations was found as δ0 = 7.6± 0.3%, (in [[13]
δ0 = 4.1±0.8%). We are more inclined to trust new result
(we notice that Garcia-Munoz [12] wrote that in a minimum
of 1976 the modulation is considerable - unfortunately,
without the indication of size). For a minimum of 1986
according to our model δ0 = 9.8±0.3%, and for a minimum
of 1996 δ0 = 5.2±0.3%. For the last minimum (the 24th
cycle) in this work the residual modulation δ0 = 9.2±0.2%
is received that practically coincides with our result and
result in [11] δ0 = 9.8±3.3% received for the 22nd cycle.

Such considerable size of residual modulation in the
period of abnormally high density of CR means, that even
during the periods of very low solar activity the heliosphere
effectively influences cosmic rays of rather high energy.
It is quite probable that in a minimum of the current
cycle we can observe in a heliosphere residual modulation
not only from the last, but also from the previous cycles.
Besides, our description of modulation applied on the basis
of the assumption of linear relation of CR intensity to the
characteristics of SA may not correspond to true nature of
this relation. At last, it is necessary to notice that polarity
of the general magnetic field of the Sun has to influence the
residual modulation, but clear dependence on polarity we
yet didn’t receive. These circumstances allow us to doubt in
reliability of determination of residual modulation and do
the found values rather conditional.

3 Results discussion.
Analyzing modulation on a growth phase and the maximum
in intensity of CR in the 24th cycle, we come to a conclusion
that the most probable cause of small modulation, most
likely, are the anomalies which have arisen on the Sun
and in a heliosphere. It is possible to list series of the SA
observations confirming such a conclusion. Values of a
magnetic stream on poles of the Sun are 40% lower, than
in the previous cycles and the area of polar coronal holes
significantly decreased [14]. Solar physicists established,
for example in [15] and references there], that as a whole
in 30 years magnetic fields in a solar wind over the poles
decreased approximately three times. In a radio emission
on a wave of 10.7 cm the long interval in 2008-2009 of the
lowest values (since 1947) was observed. In 2008-2009 the

most part of time there were no spots on the Sun. Livingston
and Penn [16] showed that gradual falling of intensity of the
solar spot magnetic fields recently is observed. If this result
is confirmed, it can lead to absolutely new understanding
of a cyclic variation of solar activity [17]. In 2009 the
average speed of a solar wind was equal 365 km / s in
comparison with 443 km / s for all previous long-term
period of measurements of a solar wind; also intensity of
an interplanetary magnetic field had a record decrease: 3.94
nT in 2009 in comparison with 6.47 nT during the previous
period of 1964-2008.

Some of the listed facts are obviously connected with
reduction of one of the main modulating characteristics,
used in the model of CR modulation; - with the Bss index
giving information on all magnetic flux, passing through a
surface of the solar wind source. Range of changes of the
structural characteristic of a magnetic field on the Sun (a tilt
angle η of HCS in the considered phase of a cycle) don’t
differ from changes η in the corresponding periods of other
cycles. The small coefficient of regression in the equation
used in multi-parameter model of a long-term CR variation
means the reduced efficiency of influence of this parameter
and respectively, lowered contribution to modulation from
changes of this main modulation index.

It isn’t clear yet, what physical phenomena on the Sun
and in a heliosphere stand for such an anomaly. Usually
in a minimum of SA magnetic fields on small sites of a
surface disappear, and on the Sun only a global magnetic
field remains [17]. It becomes a construction material for
emergence of spots of a new cycle. In the period of a
minimum between the 23rd - 24th cycles this process was
abnormal. On the one hand, the magnetic field at the poles
of the Sun was considerably smaller, than it was expected.
According to measurements in Ulysses mission, flying over
Sun poles, in a polar solar wind the magnetic field in 2008
became 35% lower, and density for 20%. On the other
hand, disappearance of mid scale near equatorial structures
was revealed much more weakly, than usually, that delayed
getting of a phase of a minimum. The considerable size
of residual modulation of CR in a minimum of the 24th
cycle and contribution reduction from changes of Hpol
(a polar field of the Sun) can be connected with the last
circumstances.

4 Summary
Even during the periods of abnormally low solar activity
residual modulation of galactic cosmic rays remains consid-
erable. The current 24th cycle is distinguished by exclusive-
ly weak modulation of CR. The reason of this is the anoma-
lies which have arisen on the Sun and in a heliosphere dur-
ing recent years, in particular, weakening of solar magnetic
fields. This conclusion is confirmed by a number of various
observable data on SA during a phase of its growth in the
24th cycle. Besides in the period of 2009-2012 reduction
of influence of a tilt angle of HCS ( η )on the CR modu-
lation is revealed. Change of η magnitude happens in the
same limits, as in other cycles, but efficiency of influence is
strongly reduced.
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