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5Southern Regional Space Research Center (CRS/INPE), P.O. Box 5021, 97110-970, Santa Maria, RS, Brazil.
6Solar Terrestrial Environment Laboratory, Nagoya University, Nagoya, Aichi 464-8601, Japan.
7School of Mathematics and Physics, University of Tasmania, Hobart, Tasmania 7001, Australia.
8Department of Natural Sciences, College of Health Sciences, Public Authority of Applied Education and Training, Kuwait.
9Physics Department, Kuwait University, Kuwait 13060.
10Lunar and Planetary Laboratory, University of Arizona, Tucson, AZ 85721, USA.

kmuna00@shinshu-u.ac.jp

Abstract: We analyze the long-term variation of the first order anisotropy observed with the Global Muon
Detector Network (GMDN) on hourly basis and compare it with one derived from the diurnal variation observed
by a single muon detector at Nagoya in Japan. We confirmed that the three dimensional (3D) anisotropies including
the NS anisotropy derived from two analyses are fairly consistent with each other as long as the yearly mean value
is concerned. From the 3D anisotropy vector corrected for the solar wind convection and the Compton-Getting
effect arising from the Earth’s orbital motion around the Sun, we deduce modulation parameters including the
spatial density gradient and the parallel mean free path for the pitch angle scattering of GCRs in the turbulent
interplanetary magnetic field (IMF). We show the derived density gradient and mean free path varying with the
solar activity- and magnetic-cycles. We discuss the physical implication of these variations by comparing with the
prediction of the drift model. We also find a close correlation between variations of the anisotropy parallel to the
IMF with the solar wind speed.

Keywords: Diurnal anisotropy, Heliospheric modulation of galactic cosmic rays, Solar cycle variation of the
cosmic ray density gradient.

1 Introduction
A solar disturbance propagating away from the Sun af-
fects the pre-existing population of galactic cosmic rays
(GCRs) in a number of ways. By measuring the directional
anisotropy (or the streaming) of high energy GCR inten-
sity, we can infer the large-scale spatial gradient of GCR
density (or isotropic component of GCR intensity) which
reflects the magnetic structure such as the interplanetary
shocks and the magnetic flux ropes in the ICME. Only a
global network of detectors can measure the dynamic varia-
tion of the anisotropy accurately and separately from the
temporal variation of the GCR density. The GMDN (Global
Muon Detector Network) started operation measuring the
three dimensional (3D) anisotropy on hourly basis with two-
hemisphere observations using a pair of muon detectors
at Nagoya (Japan) and Hobart (Australia) in 1992. Since
then, the current network consisting of four multidirectional
muon detectors in Nagoya, Hobart, São Martinho (Brazil)
and Kuwait University (Kuwait) was completed in 2006.
The solar cycle variation of the modulation parameters also
alters the global distribution of GCR density in the helio-
sphere and causes long-term variations of the 3D anisotropy
of the GCR intensity at the Earth [1]. The 3D anisotropy
of GCR intensity consists of two components, one lying
in the ecliptic plane and the other pointing normal to the

ecliptic plane. The ecliptic component can be observed as
the diurnal anisotropy (the first harmonic vector of the diur-
nal variation) of GCR intensity, while the normal compo-
nent can be measured as the difference between intensities
recorded in the north and south viewing channels. By an-
alyzing the diurnal anisotropy and the difference between
intensities recorded in the north- and south-viewing chan-
nels of a single multidirectional muon detector at Nagoya
in Japan, Munakata et al. (2013) concluded that the rigidity
spectrum of the anisotropy component (after correction for
the solar wind convection and the Compton-Getting effect
due to the Earth’s orbital motion around the Sun) perpen-
dicular to the interplanetary magnetic field (IMF) is much
harder than that of the parallel component [2]. They also
found a significant correlation between the amplitude of the
parallel anisotropy and the solar wind velocity on a yearly
mean basis.
Analyses of the diurnal variation observed with a single
detector, however, can give correct anisotropy only when
the anisotropy is stationary at least over one day and may
not work in case the anisotropy changes dynamically within
a day. Also the correlation between the anisotropy and solar
wind velocity should be analyzed with better time resolu-
tion. In this paper, we analyze the long-term variation of
the 3D anisotropy observed with the GMDN over 21 years
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Figure 1: Temporal variations of anisotropies obtained by
GMDN and Nagoya muon detector in GEO coordinate
system. The solid (open) circles represent the anisotropy
by GMDN (Nagoya). (a)x and y components in the toward
sector. (b)x and y components in the away sector. (c)The
difference between z components in two sectors, ξ GEO

NS =
(ξ T

z − ξ A
z )/2. The yearly mean value and its error are

deduced from the average and dispersion of CR averages
over each sector in each year.

between 1992 and 2012 and compare it with the result by
[2].

2 Data analysis and results
We analyze the pressure corrected hourly count rate Ii, j(t)
of muons in the j-th directional channel of the i-th detector
in the GMDN at the universal time t and derive three
components (ξ GEO

x (t), ξ GEO
y (t), ξ GEO

z (t)) of the first order
anisotropy in the geographic (GEO) coordinate system by
best-fitting the following model function to Ii, j(t).

I f it
i, j (t) =

I0
i, j(t) + ξ

GEO
x (t)(c1

1i, j cosωti− s1
1i, j sinωti)

+ ξ
GEO
y (t)(s1

1i, j cosωti + c1
1i, j sinωti)

+ ξ
GEO
z (t)c0

1i, j (1)
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Figure 2: Temporal variations of anisotropy perpendicular
to the IMF in ecliptic plane (ξ⊥), NS anisotropy (ξNS),
parallel anisotropy (ξ||) and solar wind speed (VSW ). The
yearly mean value and its error are deduced from the average
and dispersion of CR averages in each year. The solid
(open) circles represent the anisotropy derived by GMDN
(Nagoya).

where I0
i, j(t) is a parameter representing the contributions

from the omnidirectional intensity and the atmospheric tem-
perature effect, ti is the local time in hour at the i-th de-
tector, c1

1i, j, s1
1i, j and c0

1i, j are the coupling coefficients and
ω = π/12. The coupling coefficients are calculated by us-
ing the response function of atmospheric muons to the pri-
mary cosmic rays ([3]) by assuming the rigidity indepen-
dent anisotropy with the upper limiting rigidity set at 105

GV far above the maximum rigidity of the response.
In deriving the anisotropy vector ξξξ , we additionally apply
an analysis method developed to remove the atmospheric
temperature effect from the derived anisotropy (see [4]).
Elimination of the temperature effect from the data is of
particular importance in analyzing the long-term temporal
variation of ξξξ . The deduced anisotropy is averaged over the
toward and away IMF sectors decided from the hourly IMF
data in the omnitape [5] in every Carrington Rotation (CR).
We also derive the anisotropy from the observation by a
single multidirectional muon detector at Nagoya (hereafter
Nagoya) which is a component detector of GMDN. By
using the coupling coefficients, we deduce the equatorial
component of ξξξ from the mean diurnal variation of the
hourly counting rate in each IMF sector in every CR. On
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the other hand, we derive the north-south (NS) component
ξ GEO

z from the daily mean GG-component by using the cou-
pling coefficient [2]. The GG component is a difference
combination between intensities recorded in the north- and
south-viewing channels and has long been used as a good
measure of the NS anisotropy [6].
Figures 1(a) and (b) show yearly averages of ξξξ observed
in each IMF sector by GMDN and Nagoya, while figure
1(c) shows the NS anisotropy ξ GEO

NS which is deduced from
a difference ((ξ T

z −ξ A
z )/2) between mean ξ GEO

z s in the to-
ward (ξ T

z ) and away (ξ A
z ) sectors. It is clear that the tempo-

ral variations by GMDN and Nagoya are fairly consistent
with each other, confirming that the analysis of the single
muon detector data gives reliable 3D anisotropy as long as
the yearly mean anisotropy is concerned [2].
The anisotropies obtained by GMDN and Nagoya are trans-
formed to the geocentric solar ecliptic (GSE) coordinate sys-
tem and corrected for the solar wind convection anisotropy
using the solar wind velocity in the omnitape data and for
the Compton-Getting anisotropy arising from the Earth’s
30 km/s orbital motion around the Sun. We then obtain the
anisotropies parallel (ξ||) and perpendicular (ξ⊥) to the om-
nitape IMF in the ecliptic plane. Figure 2 shows the tempo-
ral variations of the ξ||, ξ⊥, ξNS and solar wind speed VSW .
We find a clear positive correlation between ξ|| and VSW . ξ||
also shows a 22-year variation with slightly larger value at
the solar minimum in A < 0 (2001-2012) than A > 0 (1992-
1999) solar polarity as reported by [1], while no 22-year
variation is seen in VSW . ξNS, on the other hand, varies with
11-year cycle with minima in 1996 and 2009 around the
solar activity minima, while ξ⊥ shows no solar cycle varia-
tion.
Following the analyses by [1], we deduce the modulation
parameters: the bidirectional latitudinal gradient G|z|, the
radial density gradient Gr and the mean free path (m.f.p.)
parallel to the IMF λ|| from ξ||, ξ⊥ and ξNS. For this calcu-
lation, we assume the ratio of the perpendicular m.f.p. (λ⊥)
to the parallel m.f.p (λ||) to be 0.05 and constant as adopted
by [4]. Figure 3 displays temporal variations of modulation
parameters obtained by GMDN and Nagoya. The following
22-year and 11-year cycle variations are clearly seen in this
figure. First, G|z| is positive in A > 0 epoch indicating the
local minimum of the density on the Heliospheric Current
Sheet (HCS), while it is negative in A < 0 epoch indicating
the maximum as the prediction of the drift model. Second,
a significant 11-year variations are seen in Gr and λ|| in a
clear positive and negative correlations with the IMF mag-
nitude, respectively.

3 Summary and discussions
We analyzed the 3D anisotropy of GCR intensity observed
by GMDN and a Nagoya in 1992-2012. Our analysis of the
GMDN data gives the anisotropy on hourly basis with better
time resolution than the traditional analyses of the diurnal
anisotropy observed by a single detector such as Nagoya
muon detector. We confirmed that the 3D anisotropy in-
cluding the NS anisotropy and the modulation parameters
derived from two analyses are fairly consistent with each
other as long as the yearly mean value is concerned.
It is found that G|z| is positive in A > 0 epoch indicating
the local minimum of the GCR density on the Heliospheric
Current Sheet, while it is negative in A < 0 epoch indicat-
ing the maximum, in accord with the prediction of the drift
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Figure 3: Temporal variations of modulation parameters
and the IMF magnitude. From the top to the bottom, each
panel displays bidirectional latitudinal density gradient
(G|z|), radial density gradient (Gr), parallel m.f.p. of the
pitch angle scattering of GCRs in the turbulent IMF (λ||)
and the IMF magnitude B as a function of year. The solid
(open) circles represent the modulation parameters observed
by GMDN (Nagoya). Note that the vertical axis of λ||
is logarithmic. The yearly mean λ|| is deduced from the
average of 1/λ|| in CRs in each year and the error of λ|| is
propagated from the dispersion of rotation mean 1/λ||s. For
other parameters, the yearly mean value and its error are
deduced from the average and dispersion of CR means in
each year.

model. A significant 11-year variations are seen in Gr and
λ|| in a clear positive and negative correlations with the IMF
magnitude B, respectively. ξ|| shows a 22-year variation
with slightly larger value at the solar minimum in A < 0
(2001-2012) than A > 0 (1992-1999) solar polarity epoch
as reported by [1]. This variation of ξ|| is responsible to the
well known 22-year variation of the phase of the diurnal
variation [7].
Figure 4 shows the correlations between modulation param-
eters and the solar wind parameters, while table 1 summa-
rizes correlation and regression coefficients of each correla-
tion. It is seen in figure 4a that the regression lines between
Gr and λ|| in A > 0 and A < 0 epochs are almost parallel
to each other, with the line in A < 0 shifted upward (or to
the right) indicating larger Gr (or λ||) in A < 0 epoch. Note
that the larger Gr in A < 0 epoch is consistent with the drift
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model prediction [8]. It is also noted, however, that there
is a clear positive correlation seen between ξ|| and VSW as
shown in figure 4b. The vertical difference between ξ||s in
A > 0 and A < 0 epochs for the same value of VSW is only
about 0.1 %, while ξ|| varies for about 0.2 % in association
with 100 km/s variation in VSW according to the regression
coefficients in table 1(2). This implies that the contribution
from the VSW effect contained in the variation of ξ|| should
be removed for accurately analyzing the 22-year variation
of ξ||. Such analysis will be presented elsewhere. The paral-
lel anisotropy ξ|| is expressed in terms of Gr and the IMF
spiral angle ψ as

ξ|| = λ||Gr cosψ (2)

[9, 1]. According to the Parker’s IMF model, the spiral angle
ψ is given by tanψ = RΩ/VSW with R and Ω denoting the
radius of the Earth’s orbit around the Sun and the angular
velocity of the solar rotation, respectively. As shown in table
1(3), the correlation of ξ|| with cosψ is poorer in A > 0
than the correlation with VSW . The correlation of tanψ with
1/VSW is also poor in A > 0 and the regression coefficients
(530 km/s for A > 0 and 520 km/s for A < 0) in table 1(4)
are significantly different from RΩ = 400 km/s predicted
by Parker’s IMF model. We conclude, therefore, that the
observed correlation between ξ|| and VSW is not due to ψ

varying with V sw, but due to Gr changing with VSW . The
correlation of λ|| with VSW is very poor as shown in table
1(5).

Acknowledgment:This work is supported in part by NASA
grant NNX 08AQ01G, in part by Grants-in-Aid for Scientific
Research from the Ministry of Education, Culture, Sports, Science
and Technology in Japan, and by the joint research programs of
the Solar-Terrestrial Environment Laboratory, Nagoya University.
The observations are supported by the Kuwait University grant
SP03/03 with the Kuwait Muon Telescope and Nagoya University
with the Nagoya multi-directional muon detector.

References
[1] J. Chen and J. W. Bieber, Astrophys. J. 405 (1993) 375-389.
[2] K. Munakata et al., Proc. 33rd ICRC (this conference), (2013)

paper ID:0039.
[3] K. Murakami, et al., IL Nuovo Cimento 2C (1979) 635-651.
[4] Y. Okazaki et al., Astrophys. J. 681 (2008) 693-707.
[5] omnitape-data are available at

ftp://nssdcftp.gsfc.nasa.gov/spacecraft sdata/omni/.
[6] M. Laurenza et al., J. Geophys. Res. 108 (2003) 1069-1075.
[7] T. Thambyahpillai and H. Elliot, Nature 171 (1953) 918-920.
[8] J. Kota and J. R. Jokipii, The Astrophysical Journal 265

(1983) 573-581.
[9] J. W. Bieber and J. Chen, Astrophys. J. 372 (1991) 301-313.

 0.2

 0.4

 0.6

 0.8

 1

 1  2  3

G
r 
[%

/A
U

]

λ|| [AU]

(a)

 0.3

 0.4

 0.5

 0.6

 0.7

 0.8

 350  400  450  500  550

ξ |
| 
[%

]

VSW [km/s]

(b)

Figure 4: (a)Scatter plot between λ|| and Gr in figure 3.
(b)Scatter plot between VSW and ξ|| in figure 2. In each panel,
the solid circles with the solid regression line represent the
yearly mean values in A > 0 solar polarity epoch (1992-
1999) while the open circles with the dotted regression line
represent yearly mean values in A < 0 (2001-2012). The
horizontal and vertical axes of panel (a) are in logarithmic
scale.

x axis y axis A r a

(1) lnλ|| [ln(AU)] lnGr [ln(%/AU)] + -0.91 -1.4±0.3
− -0.99 -1.3±0.1

(2) VSW [100km/s] ξ|| [%] + 0.86 0.17±0.05
− 0.95 0.21±0.03

(3) cosψ ξ|| [%] + 0.64 0.98±0.50
− 0.91 2.2±0.4

(4) 1/VSW [(km/s)−1] tanψ
+ 0.72 530±210
− 0.90 520±82

(5) VSW [100km/s] λ|| [AU] + -0.53 -0.29±0.19
− -0.61 -0.70±0.28

Table 1: The correlation coefficient r and the regression
coefficient a by the least squares method without weights
between the yearly mean values of x and y axis parameters
for A > 0 (1992-1999) or A < 0 (2001-2012) solar polarity
epoch.
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