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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 |

t with the diurnal and north-south anisotropies observed by a

single muon detector at Nagoya in Japan. We confirmed that three components of the three dimensional (3D)
anisotropy vector including the north-south component derived from two observations 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 ar

Ising 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 find a close correlation between
variations of the anisotropy parallel to the IMF with the solar wind speed. We also 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.

Introduction

Based on the Parker’s transport equation of GCRs iIn the heliosphere, We can deduce the large-scale spatial

gradient of GCR density in the heliosphere from

the observed directional anisotropy (or the streaming) of high

energy GCR intensity. Only a global network of detectors can measure the dynamic variation of the anisotropy
accurately and separately from the temporal variation of the GCR density (or the isotropic intensity). The GMDN
started 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. The current network consisting
of four muon detectors in Nagoya, Hobart, Sao Martinho (Brazil) and Kuwait University (Kuwait) was completed

In 2006.
The solar cycle variation of the modulation para

meters alters the global distribution of GCR density and causes

long-term variations of the anisotropy at the Earth [1]. [2] analyzed the GCR anisotropy and observed with a single
multidirectional muon detector at Nagoya in Japan and reported the component anisotropy parallel to the IMF

changing with a significant correlation with 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. Also the correlation with the solar wind velocity should be analyzed with better
time resolution, since both the anisotropy and solar wind velocity often show dynamic variations within one day
([3] [4]). In this paper, we analyze the long-term variation of the anisotropy observed with the GMDN over 21

years between 1992 and 2012.
Data analysis and results
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Rotation (CR). The yearly mean anisotropy Is

averaging &s in toward and away sectors in each year. S Y Y S N P R R
For comparison, we also derive the anisotropy from the observation

by a single multidirectional muon detector at

Nagoya) which Is a component detector of GMDN. We deduce the
equatorial component of & from the mean diurnal variation of the
hourly counting rate in each IMF sector in every CR, while we derive
the north-south (NS) component £SEO from the daily mean GG-

component, which is a difference combination

recorded in the north- and south-viewing channels and has long been
used as a good measure of the NS anisotropy [9]. Figures 1 compares

yearly averages of & derived from two analyses

Nagoya data. It is clear that the temporal variations by GMDN and
Nagoya are consistent with each other, confirming that the analysis

of the single muon detector data gives reliable

(a)Toward Sectpr

Following the analyses by [1], we deduce the

modulation parameters, the bidirectional latitudinal
gradientG,, the radial density gradient G, and the

mean free path (m.f.p.) of the pitch angle scattering
parallel to the IMF, 4, from &, §, and {ys. For

this calculation, we assume that the ratio of the
perpendicular m.f.p. (4,) to the parallel m.f.p (4;))

IS 0.05 and constant as adopted by [7]. Figure 3

displays

temporal variations of modulation

parameters obtained by GMDN and Nagoya muon
detector. The following 22-year and 11-year cycle
variations are clearly seen. First, G, 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 local maximum on the HCS as

predicted by the drift model.

Second, a

significant 11-year variations are seen in G, and
Ay with a clear positive and negative correlations

with the IMF magnitude, respectively.

Figure 3: Temporal

variations of modulation

parameters and the IMF magnitude. The solid (open)

circles represent the parameter by GMDN (Nagoya).
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Figure 1: Temporal variations}

anisotropies obtained by GMDN and
Nagoya in GEO coordinate system.
The solid (open) circles represent the
anisotropy by GMDN (Nagoya). (a)
and (b): x and y components in the
toward and away sector. (c): the NS

anisotropy ,%EO which is the

difference ((&f —&24)/2) between

Nagoya (hereafter

between ntensities

of the GMDN and

mean £5EOs in the toward (¢7) and

Way (&4) sectors. /

3D anisotropy as

long as the yearly mean anisotropy is concerned [2].
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We compared the 3D anisotropy of GCR intensity observed by GMDN with that observed by a single detector at
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 variation of cosmic ray intensity observed by a single
multidirectional detector such as Nagoya. We confirmed that the 3D anisotropy and the modulation parameters

derived from two analyses are fairly consistent with each other as long as the yearly mean value is concerned.
Particularly, the NS anisotropies derived from two analyses are quite consistent proving the reliability of these

analyses.

It is found that G, 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 indicating the local maximum on the HCS, in
accord with the drift model prediction. A significant 11-year variations are seen in G, and A with a clear

positive and negative correlations with the IMF magnitude B, respectively. The observed §|; shows a 22-year

variation with slightly larger value at the solar minimum in A < 0 epoch (2001-2012) than in A > 0 epoch (1992-
1998) as reported by [1]. This variation of &, Is responsible to the well known 22-year variation of the phase of the

diurnal variation [10]. We also found a clear correlation of &, with the solar wind velocity Vg, wich shows no
clear variation.

Discussion: 22-year variations of the modulation parameters

Figure 4 shows the correlations between G, and A and between &, and Vs, while table 1 summarizes

correlation and regression coefficients of each correlation. Modulation parameters and &, In this figure are all

derived from the analyses of the GMDN data. It is seen in figure 4(a) and table 1(1) that the regression lines 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 G, (or 4;) in A< 0 epoch. Note that the larger G, in A <0 epoch Is consistent with the drift model

prediction [11].

It is also noted that there Is a clear positive correlation between &, and Vs, as shown in figure 4(b). The vertical

difference between &;;s in A> 0 and A < 0 epochs for the same value of Vg, Is only about 0.1 %, while &, varies

for about 0.2 % in association with 100 km/s variation in Vs, according to the regression coefficients in table 1(2).
This implies that the contribution from the Vg, effect should be removed for accurately analyzing the 22-
year variation of &. We derive the ¢ corrected for the solar wind variation by normalizing Vs, to 450km/s on
yearly basis along the regression line f(Vsy) = aVsy + b (a, b = const.) in A > 0 or A <0 epoch displayed in
Figure 4(b). Figure 5 shows the corrected ¢, and the uncorrected &;;. The corrected &), Is roughly constant in
each solar polarity and shows a 22-year variation more clearly than in figure 2. The average value of & Is

0.49%0.02% (0.61%=0.02%) in A> 0 (A < 0) epoch.
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