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Abstract: We study the harmonics of the 27-day variations of the galactic cosmic ray (GCR) intensity, solar
wind velocity, and interplanetary magnetic field (IMF) components in the recent prolonged solar minimum 23/24.
The time evolution of the quasi-periodicity in these parameters connected with the Sun’s rotation reveals a stable
synodic period ≈ 26− 27 days; that is the evidence that the observed quasi-periodic changes in the solar wind
speed and IMF are related to the Sun’s near equatorial regions corresponding to the differential rotation of the
Sun in the considering prolonged solar minimum 23/24. However, the solar wind parameters observed near the
Earth’s orbit provide only the conditions in the limited local vicinity of the equatorial region in the heliosphere
(within ±7 degrees in latitude), while the GCR intensity should be sensitive to the conditions of higher latitude
regions of the heliosphere, as well. In connection with this we could demonstrate that the observed period of
the GCR intensity connected with the Suns rotation increased up to ≈ 33− 36 days in 2009. That means that
the GCR intensity gives possible evidence (1) of the onset of the cycle 24 due to new born active regions at
higher heliolatitudes and rotating slowly because of the Sun’s differential rotation, (2) the GCR intensity changes
are sensitive to the conditions of higher latitude heliosphere’s regions. We also discuss the effect of differential
rotation in the theoretical modeling of the 27-day variations of the GCR intensity. Furthermore, a study of the
IMF sector structure in the period 1965-2011 shows that the number of days with the sign of the IMF of northern
hemisphere is ∼ 10% larger than of southern hemisphere for all the solar activity minima since 1965, providing
an independent evidence of a persistent southward offset of heliospheric neutral sheet (HNS), as observed by the
Ulysses mission.
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1 Introduction
The 27-day variations of the GCR intensity are general-
ly caused by the (heliographic) longitudinal asymmetry of
the electro-magnetic conditions in the heliosphere during
one solar rotation (for review see e.g., [1]). In the recen-
t minimum 23/24, (the minimum between solar cycles 23
and 24), the peculiarities in the 27-day recurrent variations
were clearly manifested in a variety of cosmic ray counts
detected by neutron monitors [2] and space probes [3]. In
this paper we study the properties of the first (≈ 27 days),
second (≈ 14 days), and third (≈ 9 days) harmonics of the
27-day variations of the GCR intensity, the solar wind ve-
locity, and components of the IMF in the minimum 23/24.
Based on spectral and wavelet analysis methods, we will
investigate the temporal variations of the synodic quasi-
periodicity connected to the Sun’s rotation and the powers
of these quasi-periodic variations in the selected solar wind
parameters. By combining these with the analysis of GCR
intensity variations, possible evidence for the onset of the
new 24th solar cycle will be proposed.

2 Experimental Data
Generally in the solar activity minimum, sunspots exist
both in lower latitudes, belonging to the old cycle, and
in middle latitudes, belonging to the new cycle. In Figure
1 it is presented the butterfly diagram for the last part of
22nd, the whole 23rd and beginning of the 24th solar cy-

cles; yellow, black and green points designate groups of
sunspots vs. heliographic latitude for the 22nd, 23rd and
24th solar cycles, respectively. Therefore, it is interesting
to know how different latitudinal locations of the longi-
tudinal asymmetry in sunspot distributions and the solar
wind properties affect the quasi-periodic variations of the
GCR intensity owing to the existence of the Sun’s differ-
ential rotation. For this purpose we study the synodic pe-
riodicity (period T) connected to the Suns rotation and it-
s power P in the GCR intensity and selected solar wind
parameters, using spectral and wavelet analysis method-
s. To reveal the synodic period T in the GCR intensity
connected to the Sun’s rotation, we analyze the data ob-
tained by the Kiel neutron monitor [http://www.nmdb.eu].
The solar wind velocity V and Bx and By components
of the IMF are taken from the OMNIWEB database
[http://omniweb.gsfc.nasa.gov/ow.html]. These data cover
the period of 2007-2009, corresponding to the 2367-2406
Bartel’s rotation (BR) periods. To study the temporal evo-
lution of the 27-day variations of the GCR intensity and
similar quasi-periodic variations in other parameters, we
have divided the interval of 2007-2009 (2367-2406 BR pe-
riods) into three periods; I: BR 2367-2388, II: BR 2389-
2395, and III: BR 2396-2406. This division is motivated
by different character of the quasi-periodic variations of
the GCR intensity; the 27-day variations of the GCR in-
tensity are stable in period I, vanish in period II, and in
period III they showed longer periods (T ≈ 34 days). We
then study the temporal evolution of the first (≈ 27 days),
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Fig. 1: Butterfly diagram for 1995-2011
[http://www.tos.astrowww.pl/aktywnosc/aktywnosc.html];
yellow, black and green points designate groups of
sunspots vs. heliographic latitude for the 22nd, 23rd and
24th solar cycles, respectively.

Fig. 2: Top panel: Temporal evolution of the daily GCR in-
tensity in the recent solar minimum 23/24 measured by
the Kiel neutron monitor and the approximation represent-
ed by the sum of the first (27 days), second (14 days), and
third (9 days) harmonics. Middle panel: Periods of GCR
variations connected with the Sun’s rotation; the first har-
monic (T ≈ 27 days), the second harmonic (T ≈ 14 days),
and the third harmonic (T ≈ 9 days). Bottom panel: Pow-
er P of the recognized periodicity; the first, second and
third harmonic, respectively. The vertical lines designate
the boundaries of period I (BR 2367-2388), period II (BR
2389-2395), and period III (BR 2396-2406).

second (≈ 14 days), and third (≈ 9 days) harmonics of the
synodic periodicity (related to the Sun’s rotation) in the
GCR intensity and solar wind parameters during the mini-
mum 23/24 (2007-2009). In the top panel of figure 2 we
show temporal variations of daily GCR intensity measured
by the Kiel neutron monitor, and the approximations by
the sum of the first (27 days), second (14 days), and third
(9 days) harmonics. Similar plots are made for the solar
wind velocity V (figure 3) and Bx (figure 4) and By (fig-
ure 5) components of the IMF. Figures 2-5 clearly show
the recurrent variations of ≈ 27-day period in cosmic ray
counts detected by neutron monitors and in the solar wind
parameters. The middle panels of figures 2-5 show that the
synodic period T seen in the solar wind speed and compo-
nents of the IMF is ≈ 26−27 days and is stable in all the
analyzed three periods. The solar wind parameters we use
were obtained by the spacecraft located at the Lagrangean
point L1 and only reflect the wind conditions limited in

Fig. 3: The same as Figure 1 (a) but for the solar wind
velocity V .

Fig. 4: The same as Figure 1 (a) but for the Bx component
of the IMF.

the equatorial region of the heliosphere extending only
up to ±70 latitudes. Therefore, it is not possible to derive
direct relationship between the solar wind parameters at
higher latitudes and the observed values around the equa-
torial region. On the other hand, the GCR intensity varia-
tions measured by neutron monitors reflect the conditions
both in the limited local surroundings in the equatorial re-
gion and in the global 3-D heliosphere covering also high-
er latitude regions. Because of very peculiar behavior of
the observed periodicity in the GCR intensity in periods
II and III, we have carried out more precise analyses with
the time resolution of one day instead of 1 BR (see ex-
tended version of this paper is published in Solar Physics
[4]). We found that the synodic period T of the GCR in-
tensity (middle panel in figure 2) remains almost constan-
t, ≈ 26− 27 days, being in good agreement with similar
changes in the solar wind velocity V and Bx and By com-
ponents of the IMF for period I. In period II the stability
of the synodic periodicity is weakened; one can see reduc-
tion in the power of the synodic periodicity. Finally in the
last part of period II and in period III, we observe gradual
increase in the period T from 26− 27 days up to 33− 36
days. These findings demonstrate that: (1) the 27-day vari-
ations of the GCR intensity take place in the 3-D space
of the heliosphere, and (2) the sources of such variations
must include the contributions from active regions locat-
ed at higher latitudes, rotating slower than the equatorial
region by the differential rotation of the Sun. The higher
harmonics, namely the second (≈ 14 days) and third (≈ 9
days) harmonics of the synodic periodicity, are almost con-
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Fig. 5: The same as Figure 1 (a) but for the By component
of the IMF.

stant for all the parameters during the entire investigated
period. This means that the sources of these harmonics
have stable (heliographic) longitudinal and latitudinal dis-
tributions. The bottom panels of figures 2-5 present the
temporal evolution of powers P for the first (P27), second
(P14), and third (P9) harmonics of the 27-day variations
of the GCR intensity, the solar wind velocity, and compo-
nents of the IMF. For illustration we consider period I (BR
2367-2388). One can see very large power of the quasi-
periodic variations connected to the Sun’s rotation with
different delay times. Namely, the maximum in power of
the 27-day variations of the solar wind velocity (P27(V ))
is observed ≈ 3− 4 BRs before that of the GCR intensity
(P27(GCR)). The maximum in power of the IMF compo-
nents (P27(Bx) and P27(By)) precedes that of the GCR in-
tensity by ≈ 1BR. To consider whether the quasi-periodic
changes in the solar wind velocity V and in the IMF com-
ponents Bx and By are the causes of the similar GCR inten-
sity variations (with different delay times), we computed
the time delay which maximizes the correlation coefficient
r between the power of the 27-day variations of the GCR
intensity (P27(GCR)) and the same power of all the ana-
lyzed parameters (P27(V ), P27(Bx), and P27(By)). To s-
tudy precisely the delay time among these parameters, we
fixed the temporal changes of the GCR intensity and shift-
ed all the other parameters with respect to GCR by delay
times in units of BR. We obtained the following results: the
highest correlation coefficients are between GCR and V
(r = 0.92±0.05) with the delay time of 3 - 4 BR, between
GCR and Bx component of the IMF (r = 0.94±0.04) with
the delay time of ≈ 0 BR, and between GCR and By com-
ponent of the IMF (r = 0.75±0.08) with the delay time of
≈ 1BR, respectively. To study the temporal changes of the
periodicity in GCR connected with the Sun’s rotation, we
adopted the wavelet time-frequency spectrum technique.
We used the wavelet software [5] available at the website
[http://paos.colorado.edu/research/wavelets/software.html].
In our calculation we used the Morlet wavelet mother func-
tion. In Figures 2(a)-2(c) are presented the wavelet anal-
ysis of the GCR intensity measured by the Kiel neutron
monitor for periods I, II, and III, respectively. The present-
ed results confirm that the 27-day variations of the GCR
intensity were stable in period I (figure 7a), disappeared
in period II (figure 7b), and in period III there was feeble
indication of longer periods ≈ 32−35 days (figure 7c).

Furthermore, a study of the IMF sector structure in the
period 1965-2011 shows that the number of days with the
sign of the IMF of northern hemisphere is ∼ 10% larger
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Fig. 6: Number of days of ’+’ and ’-’ IMF sectors for four
consecutive solar minima; (1975-1977-A > 0; 1985-1987-
A < 0; 1995-1997-A > 0; 2007-2009-A < 0).

than of southern hemisphere for all the solar activity min-
ima since 1965 (figure 6), providing an independent evi-
dence of a persistent southward offset of HNS, as observed
by the Ulysses mission.

3 Theoretical Modeling
To investigate theoretically the 27-day variations of cosmic
rays we use a steady state, 3-D Parker’s transport equation
[6]. In the present paper we extend the model of our pre-
vious papers [2, 7] and consider the Sun’s differential rota-
tion as a simple kinematic indicator of dynamo-generated
solar magnetic field and IMF. In this approach, the Sun’s
differential rotation is expressed by the angular velocity Ω
that depends on the latitude θ as [8]: Ω(θ) = 1−0.3cos2θ .
We model the period of 2007-2008 corresponding to BR
numbers 2367-2388 (period I considered in the previous
section). This choice may be justified due to the stable
27-day variations of the GCR intensity and similar quasi-
periodic changes of the solar wind parameters and IMF.
Based on the analysis of observed data of the GCR inten-
sity, we ascribe its 27-day periodicity to the similar quasi-
periodic changes (due to longitudinal asymmetry) of the
solar wind velocity and IMF. In our model are included in
situ measurements of the solar wind velocity, and the cor-
responding components of the IMF are obtained by solv-
ing a system of Maxwells equations. The measured in situ
radial speed was approximated by the first three terms of
the Fourier series (figure 8a). Details of this models are
discussed in [2, 7]. Observations of solar wind parameter-
s in the last minimum epoch of significantly low solar ac-
tivity imply that the estimated parallel diffusion coefficient
for the cosmic ray transport was considerably greater (e.g.,
[9, 10]). Therefore, to obtain better agreement between the
theoretical model of the 27-day variations of the GCR in-
tensity with the observed data for the last minimum epoch
of solar activity (2007-2008), we increased the parallel dif-
fusion coefficient by 40% [11]. Results of theoretical mod-
eling for the 27-day variation of cosmic rays with differ-
ential rotation of the Sun are in good agreement with ex-
perimental data of Kiel NM (figure 8bc). It is also found
a remarkable negative correlation between the product of
V B and the 27-day wave of the GCR intensity, both ex-
pected and obtained by experimental data (Figure 8bc), in
2007-2008. We confirm that an important role of the mod-
ulation effect, determined especially by the product of the
solar wind velocity V and magnitude B of self-consistent



On the 27-day Variations of Cosmic Rays
33RD INTERNATIONAL COSMIC RAY CONFERENCE, RIO DE JANEIRO 2013

Fig. 7: Wavelet analysis of the GCR intensity measured by Kiel NM for the I, II and III periods, respectively.

Fig. 8: Heliolongitudinal changes of the (a) observed in situ radial solar wind speed (points) approximated (dashed line)
by the sum of the I harmonic-27 days, II harmonic-13.5 days and III harmonic-9 days, (b) observed and (c) expected from
modeling GCR intensity for effective rigidity 10 GV at the Earth orbit during one solar rotation period and product VB
of solar wind speed and strength of IMF for the recent solar minimum 23/24 in 2007-2008 corresponding to I period (BR
2367-2388).

IMF, is clearly manifested in creation of the 27-day wave
of the GCR intensity in recent solar minimum 23/24. Ad-
ditionally, we investigated the correlation between the 27-
day wave of GCR intensity and the solar wind velocity V
or magnitude B of the IMF, separately. The extended ver-
sion of this paper is published in Solar Physics [4]. Ac-
cording to the theory of GCR modulation [6, 12] the rela-
tionship between the product V B and the 27-day wave of
the GCR intensity variations has an evident physical sense;
this is a hidden effect of the electric field in the cosmic ray
transport, as described above. Since V and B act together
in this process, separation of this effect into solely the so-
lar wind speed V or IMF B is impossible.

4 Conclusions
1. The quasi-periodic changes of the solar wind speed

and IMF components related to the Sun’s rotation
demonstrate the existence of stable ≈ 26− 27 day
periodicity, which is in good agreement with the sim-
ilar changes of the GCR intensity for period I (2007-
2008, BR 2367-2388). However, there is some ex-
ception in the period of 2009, when the GCR inten-
sity showed a gradual increase in the period from
26-27 days up to 33-36 days. We assign it to the na-
ture of the formation of the 27-day variations of the
GCR intensity, namely it takes place not only in the
limited local surroundings of the equatorial region,
but in the global 3-D space of the heliosphere includ-
ing higher latitude regions. The observations of so-
lar wind parameters reflect only changes in the lim-
ited local surroundings in the equatorial region.

2. Results of theoretical modeling for the 27-day vari-

ations of GCRs with differential rotation of the Sun
are in good agreement with the observed data of the
Kiel neutron monitor. We confirm that an importan-
t role of the modulation effect, determined specifi-
cally by the product V B of the solar wind velocity
V and magnitude B of IMF, is clearly manifested in
the 27-day wave of the GCR intensity in recent solar
minimum 23/24.
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