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[1] We have developed a method for determining interplanetary coronal mass ejection
(ICME) geometry from galactic cosmic ray data recorded by the ground-based muon
detector network. The cosmic ray density depression inside the ICME, which is associated
with a Forbush decrease, is represented by an expanding cylinder that is based on a
theoretical model of the cosmic ray particle diffusion. ICME geometry and orientation
are deduced from observed time variations of cosmic ray density and density gradient and
are compared with those deduced from a magnetic flux rope model. From March 2001 to
May 2005, 11 ICME events that produced Forbush decreases >2% were observed, and
clear variations of the density gradient due to ICME passage were observed in 8 of 11
events. In five of the eight events, signatures of magnetic flux rope structure (large,
smooth rotation of magnetic field) were also seen, and the ICME geometry and orientation
deduced from the two methods were very similar in three events. This suggests that the
cosmic ray-based method can be used as a complementary method for deducing ICME
geometry especially for events where a large Forbush decrease is observed.

Citation: Kuwabara, T., et al. (2009), Determination of interplanetary coronal mass ejection geometry and orientation from ground-

based observations of galactic cosmic rays, J. Geophys. Res., 114, A05109, doi:10.1029/2008JA013717.

1. Introduction

[2] Owing to the large detector mass required to detect
high-energy cosmic rays, ground-based instruments remain
the state-of-the-art method for studying these elusive par-
ticles. Muon detectors record secondary cosmic rays created
by interactions of >1 GeV primary cosmic rays with Earth’s
atmosphere. These cosmic rays are the dominant source of
ionization in Earth’s atmosphere, especially in the upper
troposphere. In addition, at energies up to �100 GeV,
primary galactic cosmic rays experience significant varia-
tion in response to passing solar wind disturbances such as
interplanetary coronal mass ejections (ICMEs).
[3] ICMEs and their accompanying shocks propagate

through interplanetary space and may reach Earth. Some
ICMEs, called magnetic clouds, have a rope-like magnetic
structure [Burlaga et al., 1981; Klein and Burlaga, 1982],

and such structures can be a factor in producing geomag-
netic storms [Gosling et al., 1991; Zhang et al., 2007]. The
ICME geometry and orientation at 1 AU is of interest for
understanding the interaction of the structure with Earth’s
magnetosphere, and has been determined using several
methods. For example, fitting magnetic field observations
to a model magnetic flux rope is perhaps the most com-
monly employed method for determining the magnetic field
inside the ICME and the ICME geometry [Burlaga, 1988;
Lepping et al., 1990; Farrugia et al., 1993; Leitner et al.,
2007; Démoulin et al., 2008].
[4] Recently, a study has demonstrated that modeling the

high-energy cosmic ray density inside the ICME can also be
used to determine ICME magnetic field geometry and
orientation [Kuwabara et al., 2004]. Behind the shock (if
present) and inside the ICME, there is a cosmic ray density-
depleted region associated with a Forbush decrease [Cane,
2000; Hofer and Flueckiger, 2000], and that sometimes
results in precursory signatures observable upstream of the
shock [Munakata et al., 2005]. Within and around this
depleted region, there is a ‘‘B � grad(n)’’ drift flow
originating with the particle gyromotion and the density
(n) gradient perpendicular to the magnetic field (B). This
density gradient depends on the structure of the depleted
region, and is calculated from the direction of drift flow and
the interplanetary magnetic field (IMF) vector [Bieber and
Evenson, 1998]. The method works by comparing the time
variation of the density gradient with that expected on the
basis of a theoretical model of the cosmic ray density
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depleted region [Munakata et al., 2006]. In this way we can
determine the ICME geometry and orientation from the
model calculation.

2. Observation of the Cosmic Ray Density and
Density Gradient

[5] The cosmic ray density and the drift flow driven by a
density gradient are measured by the prototype network of
the ground based muon detector network. Three multidirec-
tional muon detectors at Nagoya (Japan), Hobart (Australia),
and São Martinho da Serra (Brazil) that operated from
March 2001 to May 2005 are used in this work. (Readers
can refer to Kuwabara et al. [2006] for detailed information
on our detectors.) The energy response of our detectors
varies with the inclination of each directional channel, thus
the median rigidity of primary cosmic rays recorded for the
different directions ranges from about fifty to one hundred
GV. Pressure corrected hourly muon intensities recorded by
our network are fitted to the function representing a first-
order anisotropy,

I
fit
i;j tið Þ ¼ Ic00i;j þ xGEOx c11i;j coswti � s11i;j sinwti

� �

þ xGEOy s11i;j coswti þ c11i;j sinwti
� �

þ xGEOz c01i;j; ð1Þ

where Ii,j
fit is the intensity measured by the jth directional

channel in the ith muon detector. This yields for each hour
the best fit density, I, of primary cosmic rays (i.e., the
omnidirectional component of intensity) as well as the three
components of the streaming vector, or first-order aniso-
tropy, in the geographic (GEO) coordinate system xx

GEO,
xy
GEO, xz

GEO. In equation (1), ti is the local time in hours at
the ith station, w is 2p/24h, and c0

0, etc., are so-called
‘‘coupling coefficients’’ [Fujimoto et al., 1984], which
relate the observed muon intensity variation to the primary
cosmic ray intensity variation in free space. We then obtain
the anisotropy vector in the GSE coordinate system xx, xy, xz
by a coordinate transformation. The rigidity dependence of
the intensity variation can be measured by our detectors and
is considered in the coupling coefficients. The derived value
of I is the value at 60 GV, which corresponds to the median
rigidity of the vertical channel of the Nagoya detector. In
contrast, the anisotropy vector xx, xy, xz is assumed to be
rigidity-independent, which is consistent with the average
diurnal anisotropy over a wide range of rigidity covered by
the surface and underground muon detectors [Munakata et
al., 1997].
[6] Following Bieber and Evenson [1998], we calculate

the fractional density gradient g?(t) perpendicular to the
IMF from the derived anisotropy, as

g? tð Þ ¼ RL

r?N

N
¼ �b tð Þ � xw tð Þ; ð2Þ

where RL is the particle Larmor radius (for a particle with
90� pitch angle), and b(t) is a unit vector in the direction of
the IMF. In this equation, the anisotropy in the solar wind
frame xw(t) is derived from x(t) by subtracting the streaming

due to the Compton-Getting effect of solar wind convection
and earth orbital motion.

3. Expanding Cylinder Model for Cosmic Rays

[7] For the cosmic ray density gradient, we used the
expanding-convecting cylinder model of Munakata et al.
[2006], which is a refinement of the static convecting
cylinder model of Kuwabara et al. [2004]. Note that an
axisymmetric straight cylinder is considered here as a local
approximation of the ICME.
[8] A model of the fractional density distribution and

density gradient inside the ICME is derived from a transport
equation,

@f

@t
¼ k?

r

@

@r
r
@f

@r

� �
� Vex

@f

@r
þ 1

3r

@

@r
rVexð Þ @f

@ ln p
; ð3Þ

where f(r, p, t) is the omnidirectional phase space density at
momentum p, a radial distance r from the cylinder axis, and
time t, and where k? is the perpendicular diffusion
coefficient and Vex is the radial expansion velocity of the
cylinder (here taken to be independent of time).
[9] According to this model, the density depression I(x)

as a function of x, the distance from the cylinder axis
normalized to the cylinder radius, is

I xð Þ ¼ a0f1þ
G
4
x2 þ G2

64
x4 þ � � �g; ð4Þ

where a0 is the density depression on the cylinder axis.
[10] The quantity G is a dimensionless parameter related to

k0 (see below) and the cosmic ray power spectrum index g as

G ¼ 2 2þ gð Þ
3k0

; ð5Þ

with spectral index here taken to be g = 2.7. The
dimensionless parameter k0 is defined by the perpendicular
diffusion coefficient k?, the cylinder radius R, and
expansion speed Vex as,

k0 ¼
k?

RVex

: ð6Þ

Here we further assume that k? is proportional to R,
therefore k0 is time-independent.
[11] The cosmic ray density expected at Earth is derived

from the model density distribution by assuming a vector
PE(t) that points from Earth to the Closest Axial Point
(CAP) on the cylinder axis at time t. With this vector PE(t)
and cylinder radius R(t), normalized radial distance at the
location of Earth x(t) becomes

x tð Þ ¼ jPE tð Þj
R tð Þ : ð7Þ

Next, the expected density Iexp(t) observed at Earth as a
function of time t is deduced from the spatial density
distribution as

Iexp tð Þ ¼ a0f1þ
G
4
x tð Þ2þG2

64
x tð Þ4þ � � �g; ð8Þ
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and also the expected density gradient vector g?
exp(t) is

deduced from Iexp(t) as

g
exp
? tð Þ ¼ � RL

R tð Þ
1

Iexp
dIexp

dx
e? tð Þ

¼ � RL

R tð Þ
a0

Iexp
fG
2
x tð Þ þ � � �ge? tð Þ; ð9Þ

where e?(t) is the unit vector parallel to PE(t).
[12] The vector PE(t) is calculated from the velocity and

orientation of the cylinder [Kuwabara et al., 2004]. We
assume that the cylinder moves at the average solar wind
speed inside the ICME, Vsw, and that the axial direction is
given by a unit vector eax that shows cylinder orientation.
(Since either of two oppositely pointing vectors can define
the cylinder axis, we adopt the convention that eax always
points into the northern hemisphere.) Then, the vector PE(t)
is given by

PE tð Þ ¼ fVsw � eax � Vswð Þeaxg t � tcð Þ þ Pc; ð10Þ

where tc is the time when the cylinder is closest to Earth,
and Pc defines the location of the CAP at the time of closest
approach tc, i.e., Pc = PE(tc), and is derived by

Pc ¼ d
Vsw � eax

jVsw � eaxj
; ð11Þ

where d is the impact parameter, i.e, the distance between
Earth and CAP at the time of closest approach tc. As used
here, the impact parameter d is a signed quantity, with a
negative value indicating that the CAP passed Earth on the
dawnside, and a positive value indicating that it passed on
the duskside. For a more detailed derivation, see Kuwabara
et al. [2004]. Note that the quantity in braces in equation
(10) corresponds to the apparent velocity Vapp of Kuwabara
et al. [2004]. Radius of the cylinder R(t) is described by the
expansion velocity Vex as

R tð Þ ¼ Rin þ Vex � t � tinð Þ ð12Þ

Vex ¼
Rout � Rin

tout � tin
; ð13Þ

where Rin and Rout are the radius of the cylinder at the times
when Earth enters (tin) and leaves (tout) the cylinder. These
expressions follow from equation (10) because the absolute
value of the vector PE coincides with the cylinder radius
when Earth touches its boundary.
[13] In this analysis, we use solar wind speed Vsw that is

observed aboard the ACE satellite and averaged over the
analyzed time period. We also use times that Earth encoun-
ters the cylinder boundaries, tin and tout, corresponding to
the period of rapid variation of the density gradient. We also
require that the minimum of the Forbush decrease should be
included. The axis direction eax is replaced by a parameter
defined by the GSE latitude q, and longitude f of the axis
direction. Munakata et al. [2006] took the axis direction
from the value derived by the magnetic flux rope analysis,
but in this analysis we set q and f as free parameters for the

purpose of comparing with the one determined by the
magnetic flux rope analysis. Then, cosmic ray density and
density gradient at Earth are functions of seven parameters,
a0, k0, RL, d, q, f, and tc.

4. ICME Geometry and Orientation

[14] We chose eight ICME events to analyze and to
determine their geometry. During a nearly 4 year period
from March 2001 to May 2005 that our prototype network
was in operation, we first selected 11 events that produced
Forbush decreases with magnitude >2%. We discarded three
events that did not display clear variations of the density
gradient large enough to apply our method, leaving eight
events for further analysis.

4.1. The 29 October 2003 ICME

[15] The 29 October 2003 ICME, part of the ‘‘Halloween,
2003’’ interval of enhanced solar activity, produced the
largest Forbush decrease in our analysis period. Observa-
tions and results for this event are shown in Figure 1. Figure
1 (right) displays magnetic field and solar wind observa-
tions recorded by the ACE satellite. After the ICME-driven
shock shown by the vertical solid line, the solar wind speed
exceeds 1850 km/s and IMF magnitude reaches 68 nT.
Signatures of a magnetic flux rope (strong magnetic field
and smooth rotation) are seen during the interval delimited
by the vertical dotted lines. As additional signatures of
ICME, though not shown in Figure 1, bidirectional elec-
trons are also identified in this event, while the clear
decrease of proton temperature frequently found in ICMEs
was not present, and proton densities were uncertain [Skoug
et al., 2004].
[16] Figure 1 (left) shows muon detector network obser-

vations of the cosmic ray density I, anisotropy vector x, and
density gradient g?. The vertical solid line shows the time
of storm sudden commencement (SSC) associated with the
shock arrival at 0611 UT, and we can see a >10% Forbush
decrease and the onset of strong anisotropy after the shock
arrival. Latitude and longitude of the hourly mean IMF are
plotted over the anisotropy as triangle marks, and the
density gradient is determined from them. Rotation of the
density gradient vector, especially rapid variation of the g?x

component from negative to positive, produced by ICME
passage, are observed during the period (1100 UT, 29
October to 0100 UT, 30 October) shown by vertical dotted
lines.
[17] Nonlinear least squares fitting was applied to the

observed density and three components of the density
gradient vector. The residual S of the best fit calculation is
defined as

S ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1

4N

XN
i¼1

fjIobs tið Þ � Iexp tið Þj2 þ jgobs? tið Þ � g
exp
? tið Þj2g

vuut ;

ð14Þ

where N is the number of data points between the vertical
dotted lines, the superscript ‘‘exp’’ refers to the model
expectations given in equations (8) and (9), and the
superscript ‘‘obs’’ refers to the observed quantities shown
in Figure 1. The red lines in Figure 1 show the model
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predictions, and they do a reasonable job of producing the
large-scale variation of the cosmic ray density and density
gradient. Seven best fit parameters characterize the ICME
model: a0, k0, RL, d, q, f, and tc. Parameters related to
cylinder inclination are q = 35� and f = 78�. The cylinder
radius at the time tc = 302.63 day of year (DOY) (1504 UT,
29 October) when the cylinder is closest to Earth is
determined to be R(tc) = 0.215 AU. The ICME orientation
at 1 AU expected from these parameters is illustrated in
Figure 1 (bottom left).
[18] The ICME structure in this event is also determined

from a magnetic flux rope calculation and is compared with
the one from the cosmic ray model calculation. A constant a

force-free cylindrical flux rope model including self-similar
expansion [Farrugia et al., 1993; Marubashi, 1997] is used
in this work. Boundaries of the flux rope are determined as
1117 UT, 29 October to 0210 UT, 30 October. The bound-
aries are generally determined following the criteria of
Burlaga et al. [1981]: enhanced magnetic field strengths,
smooth and large rotation of the magnetic field direction,
low proton temperature, and low plasma beta. However, in
some events including this event, no proton temperature and
density data are available from the ACE satellite, so we
primarily use magnetic field properties for the determina-
tion. We also look for reduction of the field fluctuation as an
ICME signature [Cane and Richardson, 2003], dB, shown

Figure 1. Observation and modeling of ICME geometry on 29 October 2003 (left) from cosmic ray
density gradients determined from prototype muon detector network and (right) from magnetic flux rope
model based upon ACE IMF measurements. Figure 1 (left) shows hourly value of the cosmic ray density,
north-south anisotropy, the component anisotropy in the ecliptic plane in a gray scale format, and the
three components of the density gradient in GSE coordinates. Latitude and longitude of the hourly mean
IMF are plotted over the anisotropy as triangle marks in the second and third panels, respectively. In
Figure 1 shows 64 s values of IMF magnitude, latitude, longitude, three Cartesian components of IMF,
and the solar wind speed. The vertical solid line shows the arrival time of the shock, and dotted lines
show ICME/flux rope boundaries. Timings that correspond to them at Earth and cosmic ray observation
(SSC onset time, and boundaries of cosmic ray cylinder expected from observed density and density
gradient) are also indicated in Figure 1 (left). In Figure 1 (bottom), the geometry in GSE coordinates
deduced from both methods is compared.
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as a green line in Figure 1 (top right), i.e., boundaries are
chosen at the times corresponding to a transition from an
ambient turbulent field to a strong and smooth rotating field,
and vice versa. Red lines in Figure 1 (right) show predic-
tions of the magnetic flux rope model, and they likewise do
well at reproducing the observations. The inclination and
radius of the magnetic flux rope from this model are qmfr =
�46�, fmfr = 236� and Rmfr(tc) = 0.222 AU with negative
helicity. Angle difference of orientations obtained with the
two models is estimated as D = 20�. Note that antiparallel
axis direction of qmfr and fmfr (46� and 56�) is used to
calculate this value of D. These values are very consistent
with those determined from the cosmic ray modeling in this
event.
[19] The orientation of this ICME has been also deter-

mined from ACE observations by several authors with
different methods or models. Wang et al. [2005] used
statistical force-free model [Lepping et al., 1990] and
determined orientation as qmfr = �12� and fmfr = 246� with
negative helicity, from nearly same analysis period, 1100 UT,
29 October to 0230 UT, 30 October, as us. Inclination
from the ecliptic place is smaller than the value determined
from our flux rope model, but the angle difference from the
cosmic ray method, D = 26�, is still close to the orientation
from cosmic ray method. Nieves-Chinchilla et al. [2005]
used expanding force-free model but chose shorter period,
1100 UT, 29 October to 2310 UT, 29 October. Determined
orientation is qmfr = 55�, fmfr = 125�, with positive helicity,
and D = 37�. Mandrini et al. [2007] used minimum
variance method, and also chose nearly the same analysis
period, 1125 UT, 29 October to 0200 UT, 30 October, as us;
however, determined orientation is qmfr = �56�, fmfr = 197�
(D = 46�) and is rather parallel to the GSE X-Z plane. From
the Grad-Shafranov reconstruction technique [Hu et al.,
2005; Yurchyshyn et al., 2005], similar orientation is deter-
mined to minimum variance method, with negative helicity
at the period 1117 UT, 29 October to 0350 UT, 30 October.
Hence, the cloud axis orientations derived from magnetic
field data show considerable variation, presumably in part
because of the different cloud boundaries assumed.
[20] Additional parameters that characterize the ICME are

also determined from the cosmic ray analysis. The average
particle Larmor radius inside the ICME (i.e., for those
cosmic ray primaries contributing to the muon detector
count rate) is determined from our model to be RL =
0.042 AU. The expansion velocity of the cylinder is Vex =
0.271 AU/d, and the expected solar wind velocity from the

cosmic ray analysis (computed by vectorically adding the
observed average solar wind velocity to the derived expan-
sion velocity) is shown by the blue dashed line in Figure 1
(right, bottom plot). The perpendicular diffusion coefficient
at the time tc is determined to be k?(tc) = 2.05 � 1021 cm2/s.
From the measured in situ magnetic field intensity of
35.7 nT averaged over the analyzed period, the Larmor
radius is expected to be 0.037 AU for a 60 GV particle,
which shows that the value inferred from our model is
reasonable. The associated X-ray solar flare started at
0951 UT, 28 October (DOY 301.41), and the ICME
passed Earth 1.22 days later, with an inferred radius R(tc)
= 0.215 AU. This suggests the inferred expansion velocity
Vex = 0.271 AU/d is somewhat high (or varies with time).
The perpendicular diffusion coefficient can also be
estimated by other means. The ratio of parallel to
perpendicular diffusion coefficients is theoretically calcu-
lated by Bieber et al. [2004] as k?/kk �0.01 for a 10 GV
proton and it becomes smaller at higher rigidity. The
parallel diffusion coefficient has been estimated from long-
term muon observations as kk � 3 � 1023cm2/s
[Munakata et al., 2006]. Then, the perpendicular diffusion
coefficient is estimated from these values as k? � 3 �
1021cm2/s or lower, and is consistent with the value
determined in our model. Note that the mean free path
within the ICME is likely to be longer than average due to
the exceptionally strong and smooth magnetic fields. Thus,
the determined value might be regarded as an upper limit.

4.2. Other Events

[21] We investigated seven other ICME events in the
same manner. Results of the cosmic ray analysis for all
eight events including the 29 October 2003 ICME are
summarized in Table 1. The observed size of Forbush
decrease, best fit parameters (a0, k0, RL, q, f, tc and d),
residual S, and additional parameters Vex, R(tc), k?(tc) are
determined and listed. We see that half of the events
occurred during 2001 near solar maximum, while the two
largest events including the 29 October 2003 ICME
occurred during the descending phase of the solar cycle.
By comparing with ACE magnetic field data during the
period when cosmic ray analysis is performed, signatures of
magnetic flux rope structure (smooth rotation of magnetic
field) were noted in five events, but not in three events.
ICME geometries determined from the two methods
(cosmic ray and magnetic flux rope) are summarized and
compared in Table 2.

Table 1. Result of the Cosmic Ray Analysis for Eight Eventsa

Event Date FD (%) a0 (%) k0 RL (AU) q (deg) f (deg) tc (UT) d (AU) S Vex (AU/d) R(tc) (AU) k?(tc) (cm
2/s)

4 Apr 2001 2.0 �2.4 97 0.051 7 56 0112, 5 Apr �0.068 0.3377 �0.009 0.109 —
11 Apr 2001 2.5 �2.5 126 0.078 66 12 0314, 12 Apr �0.002 0.1536 �0.022 0.060 —
28 Apr 2001 3.0 �2.7 174 0.109 26 283 1916, 28 Apr 0.020 0.2225 �0.017 0.097 —
6 Nov 2001 3.0 �3.0 104 0.042 38 273 1829, 6 Nov 0.038 0.1897 �0.040 0.074 —
29 Oct 2003 11.0 �11.4 14 0.042 35 78 1504, 29 Oct 0.113 0.4663 0.271 0.215 2.05 � 1021

26 Jul 2004 4.5 �4.6 24 0.029 5 303 0736, 27 Jul 0.033 0.4924 0.161 0.096 9.48 � 1020

9 Nov 2004 2.5 �2.4 106 0.048 44 187 0642, 10 Nov 0.039 0.2427 0.133 0.065 2.36 � 1021

21 Jan 2005 2.0 �1.8 78 0.042 6 335 0348, 22 Jan 0.010 0.3167 0.085 0.053 9.21 � 1020

aEvent date which is the date of SSC onset, observed Forbush decrease magnitude (%), seven best fit parameters (density depression on the cylinder axis
a0, dimensionless perpendicular diffusion coefficient k0, particle Larmor radius RL, GSE latitude q, and longitude f of the cylinder axis, the time of closest
approach tc and impact parameter d), residual S of the best fit calculation, and additional parameters (expansion velocity Vex, cylinder radius R(tc) and
perpendicular diffusion coefficient k?(tc) at the time tc).
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Table 2. Geometries and Orientations of ICME for Eight Eventsa

Fit Begin to Fit End Closest Time Inclination Radius CAP Location at Time tc

tin to tout tc q f R(tc) jdjb Pc(x, y, z in GSE) Dc

Event Date (UT) (UT) (deg) (deg) (AU) (AU) (AU) (deg)

4 Apr 2001 CR 1900, 4 Apr to 0700, 5 Apr 0112, 5 Apr 7 56 0.109 0.068 (�0.004, 0.013, �0.067) 54
MFR 1955, 4 Apr to 0658, 5 Apr 0040, 5 Apr 29 277 0.175 0.150 (0.000, �0.073, �0.131)

11 Apr 2001 CR 2300, 11 Apr to 0700, 12 Apr 0314, 12 Apr 66 12 0.060 0.002 (0.000, 0.002, 0.000)
28 Apr 2001 CR 1300, 28 Apr to 0100, 29 Apr 1916, 28 Apr 26 283 0.097 0.021 (0.001, �0.009, �0.018)
6 Nov 2001 CR 1400, 6 Nov to 2200, 6 Nov 1829, 06 Nov 38 273 0.074 0.038 (0.000, �0.023, �0.030)
29 Oct 2003 CR 1100, 29 Oct to 0100, 30 Oct 1504, 29 Oct 35 78 0.215 0.113 (0.000, �0.066, 0.091) 20d

MFR 1117, 29 Oct to 0210, 30 Oct 1608, 29 Oct 46 56 0.222 0.103 (0.000, �0.080, 0.064)
26 Jul 2004 CR 0400, 27 Jul to 1600, 27 Jul 0736, 27 Jul 5 303 0.096 0.033 (0.000, �0.004, �0.032) 13d

MFR 0141, 27 Jul to 1529, 27 Jul 0742, 27 Jul 16 296 0.136 0.012 (0.000, �0.004, �0.012)
09 Nov 2004 CR 0400, 10 Nov to 1600, 10 Nov 0642, 10 Nov 44 187 0.065 0.039 (0.001, �0.038, �0.004) 10d

MFR 0412, 10 Nov to 1634, 10 Nov 0646, 10 Nov 36 195 0.060 0.038 (0.000, �0.036, �0.013)
21 Jan 2005 CR 2300, 21 Jan to 1800, 22 Jan 0348, 22 Jan 7 337 0.049 0.008 (0.000, �0.003, �0.009) 75

MFR 2036, 21 Jan to 1700, 22 Jan 0220, 22 Jan 51 212 0.237 0.185 (0.000, �0.170, �0.074)
aEvent date, fitting interval, time of closest approach tc, inclination (latitude q and longitude f in GSE), radius R(tc) of the cylinder, and impact parameter

jdj, and CAP location at time of closest approach Pc, as deduced from cosmic ray-based method (‘‘CR,’’ eight events) and magnetic flux rope method
(‘‘MFR,’’ five events). Angle difference D determined from the two methods for five events are also listed.

bImpact parameter.
cAngle difference.
dEvents that yielded highly consistent ICME geometry and orientation (differences of 20� or less between the axes derived from the two methods).

Figure 2. Observation and modeling of ICME geometry on 26–27 July 2004, displayed in the same
manner as Figure 1.

A05109 KUWABARA ET AL.: ICME GEOMETRY AND ORIENTATION

6 of 10

A05109



[22] In the five events where both methods could be
applied, ICME geometry and orientation deduced from the
two methods agreed very well in three events (differences of
20� or less between the axes derived from the two methods).
The ICME of 26 July 2004 shown in Figure 2 is the second
biggest and is one of the events with good agreement. The
size of the Forbush decrease in this event was about half
that of the 29 October 2003 event. However, large anisot-
ropy and clear variations of density gradient produced by
ICME passage are well observed in cosmic rays, and the
derived inclination of the cosmic ray cylinder is similar to
that derived from the magnetic flux rope analysis. The 4
April 2001 event shown in Figure 3 is one of the two events
with poor agreement between the cosmic ray and MFR
analysis. ICME signatures are seen in both analyses during
the same period, however the derived geometries are
dissimilar. Comparing with the events that did have good
agreement, the rotation of the magnetic field was relatively
small in this event. Thus, taking account of the field
structure of the magnetic flux rope, it appears that the edge
of the ICME passed the satellite and Earth, a circumstance
that is also suggested by the ratio of the cylinder radius and

the impact parameter determined from both analyses. It has
been indicated that higher impact parameters tend to be
derived when a satellite encounters an ICME which has
significant curvature, and applying a cylinder model to
those data is somewhat problematic [Marubashi, 2000]. In
contrast, cosmic ray gradients determined from anisotropy
observation result from the gyro motion of particles with
fairly large gyroradii (RL = 0.03–0.11 AU) which sample
the broad density gradient inside the ICME. We therefore
suggest that the geometry and orientation deduced from
cosmic ray analysis would be showing global structure of
the ICME to a greater extent than the in situ observation of
the local IMF.
[23] In the other three events, we could not do the

magnetic flux rope analysis because the magnetic field
variations did not display a clear flux rope structure during
the period that cosmic ray analysis is performed. The 28
April 2001 event shown in Figure 4 is the one of those three
events. Two ICMEs are evident in the observations of the
magnetic field, and are indicated by a set of vertical dotted
lines. Rotations of the cosmic ray density gradient vector are
seen during the first ICME period, however rotations of

Figure 3. Observation and modeling of ICME geometry on 4–5 April 2001, displayed in the same
manner as Figure 1.
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magnetic field vector during this first interval do not have a
flux rope character. Such unclear rotations of magnetic field
were also seen in the events of 11 April 2001 and 6
November 2001. ICME signatures are still seen in cosmic
rays in the subpart of the ICME, however the magnetic field
variations did not display a clear flux rope structure during
this period. This implies that the MFR analysis could not be
performed for these events. In contrast, a gradient of cosmic
ray density can often be generated even if the magnetic field
disturbance is more complex than a magnetic flux rope.
However, as shown by the second ICME in Figure 4, it can
also happen that clear signatures of a flux rope are present
with very little concurrent variation of the cosmic ray den-
sity or gradient. (Note however that the second ICME was
weaker than the first one in terms of magnetic field strength.)
[24] Returning to the fit results presented in Tables 1 and

2, the additional parameters Vex, R(tc), k?(tc) are also
determined from our analysis. While the expansion velocity
Vex was well determined in some events, nevertheless, small
negative values are given in four events. As shown in
Figures 1–3 (right, bottom plot), poor agreement between
modeled (blue dashed line) and observed solar wind were
seen in some events, possibly these values result not from
the expansion of the cylinder but from an asymmetry of the
density distribution inside the ICME, especially for the four
events in 2001 where negative values may have resulted

Figure 4. Observation and modeling of ICME geometry on 28 April 2001. (right) Two ICMEs are
evident in the observations of the magnetic field and are indicated by a set of vertical dotted lines. (left)
ICME signature is seen in cosmic ray data at first ICME; however the magnetic field variations did not
display a clear flux rope structure during this period. The comparison of ICME geometries is not applied
in this event.

Figure 5. Particle Larmor radius determined from our
analysis (abscissa) compared with expected value from in
situ IMF measurements for a 60 GV particle.
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because the first ICME is compressed or merged by the
following one. On the other hand, reasonable values are
determined for the cylinder radius R(tc) for all events.
Cylinder radius R(tc) from the cosmic ray model ranges
from 0.05 to 0.1 AU, except for 0.2 AU for the large 29
October 2003 event. These are generally consistent with the
value reported by Marubashi [2000]. The perpendicular
diffusion coefficients k? are derived for the four events that
have positive Vex, and they are less than or comparable to
the value 2 � 1021cm2/s determined for 29 October 2003.
[25] Figure 5 compares the particle Larmor radius RL

determined from our analysis with the one expected for a
60 GV particle given the IMF strength measured in situ and
averaged over each analysis period. Most of them are not far
from diagonal line where the two quantities are equal, but a
majority have derived values somewhat smaller than
expected based upon the IMF strength. We assume this
effect results from the P�g rigidity dependence of the
Forbush decrease, where g ranges from about 0.4 to 1.2
[Cane, 2000], such that the effective energy of the particle
deficit inside the ICME is lower than 60 GV in these events.
In fact, in the lower energy observations of the Spaceship
Earth neutron monitor network [Bieber and Evenson, 1995]
which observes 17 GV median rigidity of primary cosmic
rays, the decrease size was two times bigger than for muon
observations in the 29 October 2003 event, and three times
bigger in the 26 July 2004 event.

5. Summary

[26] A method for determining ICME geometry from
galactic cosmic ray data has been developed based upon a
model calculation of the cosmic ray density distribution.
Nearly 4 years of data obtained from March 2001 to
May 2005 were examined, and ICME geometry and orien-
tation were deduced in eight events. In five of the eight
events, signatures of magnetic flux rope structure were also
seen, and results from the two methods were very similar in
three events. In those three events, the derived inclination,
radius, and impact parameters from the two methods were
consistent with each other (differences of 20� or less between
the axes derived from the two methods), and the two biggest
events on 29 October 2003 and on 26 July 2004 are among
them. In the remaining two flux rope events, agreement
between the methods was poor. These events displayed
comparatively small magnetic field rotations, suggesting that
Earth may have passed through the edge of the flux rope. In
this circumstance, the flux rope analysis may be more
sensitive to the local structure of the flux rope, whereas the
cosmic ray analysis probes the global structure, owing to
the large gyroradius of the cosmic ray particles which sample
the broad density gradient inside the ICME.
[27] Finally, in the remaining three events, we could not

do magnetic flux rope analysis because the magnetic field
variations were not indicative of a flux rope structure,
during the period that cosmic ray analysis was performed.
Nonetheless the variations of cosmic ray anisotropy were
large enough that meaningful gradients could be derived
and modeled. The fit parameters obtained were reasonable
and qualitatively similar to those obtained in the other
events. This indicates that the cosmic ray-based method
can be used as a new technique for deducing ICME

geometry for events where a large Forbush decrease is
observed but flux rope structure is not observed.
[28] The prototype network of multidirectional muon

detectors has been upgraded to the Global Muon Detector
Network (GMDN) in March 2006 by expanding the Brazil-
ian detector in its detection area and adding a new detector
in Kuwait University. The initial performance of the
GMDN, which has been designed and constructed for the
precise measurement of the anisotropy, can be found in our
recent paper [Okazaki et al., 2008]. It is demonstrated in
that paper that both the observation with the GMDN and a
new analysis method enabled us to investigate the cosmic
ray density gradient in three dimensions even in minor
events due to corotational interaction regions during the
period of minimum solar activity. The GMDN is now ready
to observe major Forbush decreases expected to occur
around the maximum period in solar cycle 24.
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