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The average spatial density gradient of galactic cosmic rays and its temporal variation observed
with the Global Muon Detector Network (GMDN)
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Abstract: We deduce the spatial gradient of galactic cosmic rays in three dimensions from the fist order anisotropy
observed with the Global Muon Detector Network. The anisotropy vector is first corrected for the solar wind convection
and the Compton-Getting effect arising from the solar wind and the Earth’s orbital motion around the Sun. We then
convert the component anisotropy perpendicular to the interplanetary magnetic field to the spatial density gradient by
assuming that the perpendicular anisotropy is mainly due to the diamagnetic streaming. In this paper, we analyze the
solar cycle variation of the gradient observed with the GMDN during ten years between 2001 and 2010 and show that the
derived density gradient is clearly decreasing with increasing solar activity toward the solar activity minimum in 2008-
2009. We also find a clear seasonal variation in each of the radial and longitudinal component of the gradient vector in
a close correlation with the heliographic latitude of the Earth. The amplitude of this seasonal variation also decreases
with the increasing solar activity. We discuss the origin of this seasonal variation in terms of the global distribution of
cosmic-ray density in the heliosphere.

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

1 Introduction

The Galactic Cosmic Ray (GCR) intensity measured at the
Earth changes with various time scales. The best-known
11-year variation in an anti-correlation with the 11-year so-
lar activity cycle, which is typically observed in the neu-
tron monitor counting rate, represents the variation of the
GCR density (or omnidirectional intensity) at the Earth’s
orbit responding to the variation of the modulation param-
eters which governs the GCR transport into the heliosphere.
The solar cycle variation of the modulation parameters also
changes the spatial distribution of the GCR density in the
vicinity of the Earth. The spatial distribution of the GCR
density can be inferred from measuring the anisotropic
streaming of GCRs at the Earth, as the diffusion stream-

ing of GCRs reflects the local spatial gradient of the GCR
density. This is an important objective of the Global Muon
Detector Network (GMDN).
Data acquisition by the network began in December 1992,
as two-hemisphere observations using a pair of muon de-
tectors at Nagoya (Japan) and Hobart (Australia). Another
small detector at Sao Martinho in Brazil was added to the
network in March 2001 to fill a gap in directional coverage
of the network over the Atlantic and Europe. The current
GMDN was then completed in March 2006 by installing
a new detector in Kuwait. The temporal variations of the
density gradient in association with the Forbush decreases
and corotating interaction regions have been analyzed us-
ing the observations with the GMDN [1, 2, 3]. In this pa-
per, we analyze the solar cycle variation of the gradient ob-
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served with the GMDN during ten years between 2001 and
2010.

2 Data analysis and results

We analyze the pressure corrected hourly count rateIi,j(t)
of muons in thej-th directional channel of thei-th detec-
tor in the GMDN at the universal timet and derive three
components (ξGEO

x (t), ξGEO
y (t), ξGEO

z (t)) of the first or-
der anisotropy in the geographic (GEO) coordinate system
by best-fitting the following model function toIi,j(t).

Ifiti,j (t) =

I0i,j(t) + ξGEO
x (t)(c11i,j cosωti − s11i,j sinωti)

+ ξGEO
y (t)(s11i,j cosωti + c11i,j sinωti)

+ ξGEO
z (t)c01i,j (1)

whereI0i,j(t) is a parameter representing the contributions
from the omni-directional intensity and the atmospheric
temperature effect,ti is the local time at thei-th detec-
tor, c11i,j , s

1
1i,j andc01i,j are the coupling coefficients calcu-

lated by assuming the rigidity independent anisotropy with
the response function of atmospheric muons to the primary
cosmic rays ([4]) andω = π/12. In deriving the anisotropy
vectorξGEO, we also apply an analysis method which we
developed to remove the atmospheric temperature effect
from the derived anisotropy (see [1]). The correction for
the temperature effect is of particular importance in ana-
lyzing the long-term temporal variation ofξGEO.
The derived anisotropy is transformed to the heliocentric
polar coordinate (HPC) system(r, θ, ϕ) and corrected for
the solar wind convection anisotropy and the Compton-
Getting anisotropy arising from the Earth’s 30 km/s orbital
motion around the Sun. For this correction, we use the solar
wind velocity in theACE-Level2 data and the Omni-data
[5, 6]. We also use theACE Interplanetary Magnetic Field
(IMF) and solar wind data lagged by one hour, as a rough
correction for the solar wind transit time betweenACEand
the Earth. We then divide the obtained diffusive anisotropy
into components parallel and perpendicular to the IMF, as

ξ(t) = ξ∥(t) + ξ⊥(t) (2)

Figure 1 shows the magnitude ofξ∥(t) averaged in each
Carrington Rotation during ten years between 2001 and
2010. In spite of large fluctuations from one rotation to
another, the thick black curve representing the central mov-
ing average over 14 rotations shows a clear long-term vari-
ation in which the magnitude ofξ∥(t) decreases from the
maximum in 2003 toward the minimum in 2009. This is
an indication of the decrease of the GCR density gradient
and/or parallel mean-free-path of the pitch-angle scattering
of GCRs by the IMF fluctuation, asξ∥(t) is given by the
product of these quantities.
Figure 2 shows the radial (r), longitudinal (ϕ) and lati-

tudinal (π/2 − θ) components ofξ⊥(t) in the heliocentric
polar coordinate system, each averaged over thetoward(T)
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Figure 1: Observed diffusive anisotropy component paral-
lel to the IMF. Each open circle displays the magnitude of
ξ∥(t) averaged over the Carrington Rotation. Errors are
deduced from the dispersion of hourly values in each rota-
tion. A thick black curve shows the central moving aver-
age of open circles over 14 rotations, while the thin curve
displays the moving average of the IMF magnitude as an
indicator of the solar activity.

andaway(A) IMF sectors in every rotation. We define the
IMF sector polarity based on the hourly mean IMF com-
ponents in the heliocentric polar coordinate system, which
are transformed from the GSE coordinate system used in
ACE-Level2 and/or Omni-data. The sector polarity of the
IMF vector (B) is designatedtoward (T) if Blong > Br

andaway(A) if Br > Blong. By assuming thatξ⊥(t) in
Figure 2 is predominantly due to the diamagnetic stream-
ing (or the drift streaming) expressed by a vector product
between the IMF vector and the density gradient vector, we
can deriveG⊥(t) the fractional density gradient perpendic-
ular to the IMF, as

G⊥(t) = b(t)× ξ⊥(t)/RL(t) (3)

whereb(t) is the unit vector pointing in the IMF direction
andRL(t) is the Larmor radius of protons with the effec-
tive energy which we set at 60 GeV, a representative median
energy of GCRs observed with the GMDN. Figure 3 shows
three components ofG⊥(t) in the same manner as Figure
2.
The negative (positive)G⊥lat(t) in T (A) sector in Figure
3 indicates the local maximum of the GCR density on the
Heliospheric Current Sheet (HCS). This is qualitatively in
accord with the drift model prediction for the density dis-
tribution during the ”negative” polarity period of the solar
polar magnetic field (also referred as theA < 0 epoch).
In Figure 3, it is also clear thatG⊥lat(t) decreases signif-
icantly from 2003 to 2008-2009 according to the solar ac-
tivity decrease. A similar trend is also visible inG⊥r(t) or
G⊥long(t), but is less evident partly due to the relatively
smaller magnitude of these components. The long-term
trend is less evident inξ⊥(t) in Figure 2 where from we de-
rivedG⊥(t) in equation 3. This is due toRL(t) which in-
creases with decreasing IMF magnitude compensating the
decrease in|G⊥(t)|.

3 Discussion

One of the most notable features in Figure 3 is probably the
significant seasonal variations seen in the radial and lon-
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Figure 2: Observed diffusive anisotropy perpendicular to the IMF. Each solid circle in the left (right) panels shows the
average component ofξ⊥ in the HPC in thetoward (away) IMF sector in every rotation. The thick black curve in each
panel represents the central moving average of the solid circles over 14 rotations.
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Figure 3: Derived density gradient perpendicular to the IMF. Solid circles in the left (right) panels display the rotation
average of three components ofG⊥(t) in the T (A) IMF sector in every rotation. The thick curve in each panel represents
the central moving average of the solid circles over 14 rotations.

gitudinal components (G⊥r(t) andG⊥long(t)) of G⊥(t)
in Figure 3. As shown in Figure 4, the amplitude of this
variation is as large as about 50 % of the yearly average
of the gradient. The similar variation is also notable in
the latitudinal component (ξ⊥lat(t)) of ξ⊥(t) in Figure 2
from which we derivedG⊥(t). To our knowledge, there is
no other observation reporting such a significant seasonal
variation ofG⊥(t) and the GMDN has discovered it for

the first time. Although this is still preliminary, we confirm
that the similar seasonal variation is also seen, with larger
amplitude, in the gradient deduced from the observation
by the Space Ship Earth (SSE) neutron monitor network,
which monitors the intensity of GCRs with lower energy
(∼10 GeV) [7]. We now discuss this newly found seasonal
variation ofG⊥(t).
It is clear in Figure 4 that the seasonal variations ofG⊥r(t)
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Figure 4: Average seasonal variations ofG⊥r (top) andG⊥long (bottom). Thin black curves in each panel show theG⊥r

(G⊥long) in ten years between 2001 and 2010, while a thick solid curve displays the average of ten years. A pair of thick
dotted curves in each panel indicates the error-range of the average deduced from the dispersion of thin curves. The left
and right panels display the gradients in the T and A IMF sectors, respectively. The heliographic latitude of the Earth on
the right vertical axis is also displayed by a thick chain-dotted curve in each panel.

andG⊥long(t) are in phase, while the variations in T and
A sectors are out of phase to each other. Also seen in this
figure is a close correlation between the gradient and the
heliographic latitude of the Earth displayed by the thick
chain-dotted curve in each panel. This correlation possibly
suggests the seasonal variation arising from the latitude de-
pendence of the GCR distribution which is organized along
the wavy neutral sheet as the drift model predicts. Accord-
ing to our preliminary analyses based on the numerical sim-
ulation of GCR transport in a three-dimensional model he-
liosphere, it is possible to reproduce at least qualitatively
the seasonal variation in Figure 4, if we assume the dif-
fusion coefficients dependent on the heliographic latitude
and decreasing near the equator. Deriving quantitative con-
clusions, however, requires closer comparison between the
data and calculations which is now ongoing. We will also
promote comparative analyses of the data from the GMDN
and SSE to examine the energy dependence of the spatial
distribution of GCR density in three dimensions.
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